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COUNTY, MONTANA:  IMPLICATIONS FOR THE LOCAL LATE CRETACEOUS 
SEQUENCE OF EVENTS 
by 
Brookie Gallagher 
Under the Direction of Dr. Timothy E. LaTour 
ABSTRACT 
Intermediate igneous rocks exposed in the Badger Pass area and 3.5 km away in the 
McDowell Springs area of Beaverhead County, Montana, previously mapped as Cretaceous 
intrusive (Ki), and Cretaceous undifferentiated volcanics (Kvu) respectively, exhibit little 
geochemical variation.  Trace element, and lead isotope analyses provide strong evidence 
allowing for a single source.  REE patterns, obtained through ID-ICP-MS, are essentially 
identical.  Mineral/melt Eu analyses reveal that Eu behaved predominantly as a divalent cation, 
refuting an earlier study asserting that trivalent Eu dominated.  Data suggest rocks were formed 
under low oxygen activity conditions, not oxidizing conditions as previously reported.  
Geochemical data combined with field mapping allow us to establish the temporal relationship 
between late Cretaceous thrusting, intrusion, and volcanism in this locale.  Folding, faulting and 
thrusting were significantly, if not entirely, completed prior to the commencement of volcanism.  
Volcanism included contemporaneous thrust plate intrusion, foreland extrusion, and hypabyssal 
foreland intrusion.   
 
INDEX WORDS:  Badger Pass, McDowell Springs, Intrusion, Cretaceous volcanics, Fold and 
thrust, REEs, Eu anomaly, Beaverhead County, Southwest Montana, Andesite, Dacite.  
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CHAPTER 1 
INTRODUCTION 
 
The late Cretaceous/Early Tertiary Period was a time of extensive volcanism, plutonism 
and tectonic activity in northwest America (Chadwick, 1972; Klepper, 1950; Robinson et al., 
1968; Ruppel, 1981).  It was an active time in the development of the North American Cordillera, 
which is characterized by thin-skinned Sevier-style and thick-skinned Laramide-style orogenic 
deformation.  The massive Idaho batholith and its associated Challis volcanics, the Boulder 
Batholith and associated Elkhorn Mountain volcanics, and the Pioneer batholith and its 
associated volcanics are all the products of Late Cretaceous/Early Tertiary magmatic events 
(Hamilton, 1974; Hyndman, 1981; Lageson, 2001).  Volcanic deposits, plutonic rocks, and 
folded and faulted sedimentary sequences are common in southwest Montana and east-central 
Idaho.  The area is geologically distinguished as the leading edge of the tectonically complex 
North American Cordilleran fold and thrust belt, with its easternmost region considered the 
“frontal fold and thrust zone” (Ruppel et al., 1993).  Comprehensive understanding of the 
complexities of the North American Cordilleran thrust belt tectonics and associated igneous 
activity continues to elude geologists; the mechanics and the sequence of events are neither 
straightforward nor consistent throughout the region (Foster, 1997; O'Neill et al., 1990).  
Multiple small-scale investigations contribute to deepening our understanding of the large-scale 
geologic processes.  The McDowell Springs and Badger Pass area of Beaverhead County, in 
southwest Montana, located within the frontal fold and thrust zone (figure 1.1), offers an 
exceptional field area in which to study temporal and spatial relationships between the tectonic 
thrusting, folding, and faulting and associated volcanism of the Late Cretaceous Period.  Within 
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a small area, excellent exposures of a folded and faulted thrust plate can be studied, along with 
foreland volcanic rocks.   
The McDowell Springs-Badger Pass area is located approximately 20 km southwest of 
Dillon, Montana, along the eastern edge of the Pioneer Mountains near the historic mining town 
of Bannack.  The area has a history of mining that dates back over 100 years, and includes gold, 
silver, and copper mining (Geach, 1972).  PVC claim posts, denoting private claims, still dot the 
landscape, and several mining companies operate intermittently.  Recently, several local 
residents have expanded the practice of mining to include the extraction of precious metals from 
scavenged computer motherboards.  Just south of McDowell Springs a cluster of dramatic buttes 
of igneous rocks are exposed.  Interpreted as the weathered remains of a high level intrusion, the 
rocks are porphyritic and highly magnetic, with euhedral magnetite grains weathered into 
prominence.  Plagioclase phenocrysts are ubiquitous.  Amphibole and biotite phenocrysts occur, 
as well as sporadic quartz phenocrysts.  The outcrops are highly weathered, fractured and 
crumbled, and the surrounding soil is magnetic, containing magnetite grains weathered out of the 
rock.  Approximately 3.5 kilometers west of these dramatic intrusive rocks, and several hundred 
feet higher in elevation than McDowell Springs, another igneous intrusion is exposed.  This rock 
is a porphyritic greenish-gray andesite, containing abundant plagioclase phenocrysts and rare 
mafic xenoliths.  The andesite intrusion is exposed in several outcrops along the ridge, and in the 
saddle, of the Badger Pass area, including a columnar-jointed outcrop appearing along the 
western hillside of the limestone ridge.  The intrusive rock has weathered to a brown soil in both 
areas.  Numerous mine pits and claim stakes throughout the Badger Pass area are evidence of 
miners taking advantage of the mineralization that occurred when the hot intrusive rocks came in 
contact with the Paleozoic limestone.   
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The igneous rocks of these two areas--the McDowell Springs area and the Badger Pass 
area--separated by several kilometers of horizontal distance and over one hundred meters of 
elevation, differ in field appearance, and distinguish themselves through their dissimilar 
structural relationships to their surroundings.  In the Badger Pass area, compositionally 
intermediate magma has exploited fault planes and weak shale to intrude folded and thrust-
faulted Paleozoic and Mesozoic sedimentary rocks that rest several hundred feet in elevation 
higher than, and west of, the volcanic field of McDowell Springs.  In contrast, no Paleozoic or 
Mesozoic sedimentary rocks are found in the McDowell Springs area.  The only sedimentary 
rocks that occur there are the scattered remains of Tertiary gravel overlying the volcanics in 
several locations.  Otherwise, the rocks of this area are interpreted as high level intrusive igneous 
rocks accompanied by associated volcanic rocks.  The rocks include volcaniclastic flows, which 
incorporated ash, small clasts, and large broken blocks of volcanic debris.  There are dikes and 
rafted blocks of what may have been dikes, broken and carried by the flows.  The flows likely 
occurred in the presence of water, as evidenced by the abundance of magnetite and distinctive 
formation features.  As these descriptions make clear, these are two distinctly different areas with 
different styles of igneous intrusions.  The McDowell Springs area is part of an extensive 
Cretaceous volcanic field while the nearby Badger Pass area is a fold and thrust plate composed 
of Paleozoic and Mesozoic sedimentary rocks, which has been intruded by intermediate igneous 
rocks.   
The purpose of this investigation is to compare and contrast the two distinct intrusions, 
and then to use the results to propose the sequence of local magmatic and tectonic events.  
Combinations of field study and lab analyses are employed to determine and evaluate similarities 
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and differences between the intrusive rocks of the thrust plate and the varied igneous rocks of the 
adjacent foreland.   
Field investigations, geologic mapping and sample collection were undertaken, and a 
geologic map was prepared of the approximately 16 km2 area.  Field relations were examined, 
and representative samples (sample size from approximately 9 cm to15 cm in diameter) were 
collected from 75 locations while mapping.  Five different groups of igneous rocks became 
apparent during mapping, four in the McDowell Springs area and one in Badger Pass.  The sub-
groups of McDowell Springs rocks include three lithologically distinct groups of rocks:  coarse-
grained igneous rocks, medium-grained igneous and volcaniclastic rocks.  The fourth sub-group 
of samples came from outcrops identified structurally as dikes, regardless of lithology.  The fifth 
group of rocks includes intrusive igneous samples collected from several locations in the Badger 
Pass area.  One or two samples from each group were selected as representative and were 
processed for analysis back in the lab. 
Laboratory methods include petrography, whole rock major element composition analysis 
using X-ray fluorescence (XRF), trace element compositional analysis using standard addition 
inductively coupled plasma mass spectrometry (ICP-MS), and REE compositional analysis using 
isotope dilution (ID-ICP-MS).  The rocks from the two areas, foreland volcanic field rocks of 
McDowell Springs and fold-thrust plate intrusive rocks of Badger Pass, are then compared to 
each other.  Because of the structural context of the two intrusions, i.e. one intruding a thrust 
plate and the other occurring as an extensive volcanic field in the foreland of the eastward-thrust 
plate, the relationship between the two intrusions can be used to constrain the temporal sequence 
of events.   
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Strong geochemical evidence suggests that the intrusive rocks of the two areas are 
consanguineous.  The striking similarity of the geochemical fingerprints of all the rocks, 
supported by field relationships observed through detailed field mapping, is further used to 
propose the temporal relationship between tectonic and magmatic events in this locale.  There is 
clear evidence that the Badger Pass intrusion is younger than the sedimentary sequence, and 
cross-cutting relationships also suggest that the intrusion must be younger than the fault plane 
along which it intruded.  If the two intrusions have the same source, and were emplaced from a 
short-lived magma chamber, as is proposed herein, it is possible to further suggest that the 
Badger Pass thrust plate intrusion and the foreland hypabyssal intrusion and associated volcanic 
debris of McDowell Springs are essentially coeval, and that the folding, faulting and thrusting of 
the Paleozoic and Mesozoic sedimentary rocks were significantly, if not entirely completed, prior 
to intrusion and volcanism in this locale.   
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Study Area 
Figure 1.1.  The frontal fold and thrust zone (from (Ruppel et al., 1993).  Approximate 
location of study area is displayed (Study area boundaries are not to scale). 
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CHAPTER 2 
GEOLOGIC SETTING/PREVIOUS WORK 
 
The leading edge of the North American Cordillera fold-and-thrust belt runs through 
southwest Montana and east-central Idaho, and has been described and mapped by Ruppel 
(1978), Ruppel (1983) Ruppel and Lopez (1984), and Ruppel et al. (1993).  They describe and 
map the thrust belt in southwest Montana and east-central Idaho (as shown in figure 1.1) as 
composed of at least two major, characteristically unique, thrust plates, the Medicine Lodge and 
the Grasshopper thrust plates.  The Medicine Lodge plate is thrust eastward atop the Grasshopper 
plate.  East of the Grasshopper thrust plate they describe the frontal fold and thrust zone, 
stratigraphically the lowest zone, which is composed of tightly folded and imbricate-faulted 
Paleozoic and Mesozoic sequences, underlain by Proterozoic sedimentary rocks and Archaean 
crystalline basement.  Whether the basement rocks were involved in the thrusting is unresolved; 
however, neither interpretation—inclusion or exclusion of basement—impacts the present study.  
The frontal fold and thrust zone extends through southwest Montana and east-central Idaho, from 
the Centennial fault northeast to the Highland Mountains and the Boulder batholith, just 
southwest of Butte (Ruppel et al., 1993).  The late Cretaceous calc-alkaline Pioneer batholith, 
described as a composite batholith, intruded these Paleozoic and Mesozoic sedimentary rocks, 
and is exposed a short distance northwest of Dillon and northwest of this study area (Arth et al., 
1986; Foster and Hyndman, 1990; Snee and Sutter, 1979).  Compositionally varying from 
gabbros to granites, the plutons of the Pioneer batholith intruded eastward-thrust allochthonous 
sedimentary units along the western extent of the batholith (Arth et al., 1986).  Snee and Sutter 
(1979) declared that their similar K-Ar ages of 69-71 m.y. for Pioneer batholith rocks and 67-71 
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m.y. for area andesites provided the first evidence for contemporaneous volcanism and plutonism 
in the area.     
The Boulder Batholith essentially bounds the fold and thrust zone in the northeast, but is 
considered geochemically unrelated to the Pioneer batholith, or to the Idaho batholith. (Arth et 
al., 1986; Hyndman, 1981).  Investigators propose that the Boulder Batholith and Idaho Batholith 
differ in depth of generation, depth of emplacement, and source material.  The Disturbed Belt, 
also located to the northeast of the frontal fold and thrust zone, has an uncertain relationship with 
the fold and fault zone (O’Neill et al., 1990; Ruppel, 1983).  Arth et al. (1986) suggest that a 
significant northwest-southeast trending crustal discontinuity exists in the area of the northeast 
boundary of the frontal fold and thrust zone.   
The Badger Pass and McDowell Springs study area explored in this research project 
encompasses approximately 30 km2, covered by the Bannack and the Burns Mountain 7 ½ 
minute U.S. Geological Survey Quadrangles (Figure 2.1).  The area is characterized by the 
tightly folded and highly faulted Paleozoic marine and Mesozoic marine and non-marine 
sedimentary rocks mentioned above, which have been thrust eastward over tuff (Figure 2.2 
shows geologic units), likely the Cretaceous Grasshopper tuff described by previous workers 
(Leeth, 1988, among others).  Thomas (1981) and Khallouf (2002) mapped and studied the thrust 
faults of the Badger Pass area, which were previously mapped by Lowell (1965).  Thomas 
describes in detail two major thrust faults in this region of the frontal fold and thrust zone—the 
Ermont and Kelley thrust faults—both in the Badger Pass area.  The Kelley thrust fault is the 
westernmost and older thrust, carrying Precambrian Belt quartzite over folded Mississippian 
Madison Group limestone.  The easternmost Ermont thrust transports folded Mississippian 
Madison Group limestone and younger Paleozoic rocks over late Cretaceous Beaverhead 
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conglomerate and tuffs (Johnson and Sears, 1988: Thomas, 1989).  The Ermont fault defines the 
local leading edge of this fold and thrust zone (Ruppel et al., 1993).  Using dating done by others 
(Beaverhead deposit dates are attributed to Ryder and Ames, 1970, and intrusive and extrusive 
andesite dates to Snee and Sutter (1978; 1979)), Thomas constrains the time of thrusting along 
the Ermont fault to 71-68 Ma.   
Andesite intrusions1 are found within the thrust plate, exploiting the fault planes as well 
as the weak shale layers.  The andesite is exposed in intrusive contact with Madison limestone in 
multiple locations in the Badger Pass area and, again in intrusive contact, overlying a layer of 
tuff.  The tuff is likely the Cretaceous tuff of Grasshopper Creek described by Pearson (1988), 
Pearson and Childs (1989), Ivy et al. (1988), and Ivy (1989).  Mineralization occurs at the 
intrusive contacts between the andesite and the limestone in Badger Pass.  Additionally, an 
extensive marbleized zone occurs just south of Badger Mountain, along the leading edge of the 
thrust plate.  Columnar jointed andesite is exposed cropping out on a hillside beneath the 
Madison limestone (Sample BP04c was collected from above and behind the face of this 
outcrop).  Along the Ermont fault, the easternmost of two previously mapped faults of this area, 
(Lowell, 1965; Thomas, 1981), Madison limestone is exposed overlying, and in fault contact 
with, the Cretaceous tuff.  Late Cretaceous synorogenic Beaverhead conglomerates (Johnson and 
Sears, 1988; Ruppel, 1983) overlie the Paleozoic and Mesozoic sedimentary sequences in some 
locations in the Badger Pass area, as well as throughout the fold-and-thrust zone.  The 
sedimentary rocks also occur thrust over the Late Cretaceous Beaverhead conglomerates.  For 
example, several kilometers south of this study area, near the Clark Canyon Dam and Reservoir, 
                                                 
1 Because the near-surface intrusions resemble volcanic rocks in texture and composition, volcanic rock 
classifications have been selected to describe the intrusive rocks. 
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an out crop of Beaverhead conglomerate is visible overthrust by Mississippian Pennsylvanian 
Madison limestone.   
To the east of the thrust plate in this study area is the McDowell Springs area, an 
extensive zone of volcaniclastics, tuffs, and hypabyssal igneous rocks.  Pearson (1988) and 
Pearson and Childs (1989), describe the McDowell Springs intrusion as an andesite-dacite sheet 
intrusion.  Ivy (1989) includes a brief description of what she refers to as the McDowell Springs 
intrusion as part of her characterization of the Cold Spring Creek volcanics, in the vicinity of 
Grasshopper Creek, just south of this study area.  She describes an irregularly shaped two-
pyroxene dacite sill intruding volcanic breccias, and extending 8 km north of Grasshopper Creek, 
covering approximately 12 square kilometers.  Snee and Sutter (1979), and Snee (as reported in 
Ivy, 1989), obtained Late Cretaceous dates for the Cold Springs Creek volcanic rocks.  
Gonnerman (1992) acknowledges Pearson’s (1989) characterization of the McDowell Springs 
sheet intrusion, but instead interprets these rocks as a flow rather than an intrusion, describing a 
sequence of lithologically similar, stratigraphically stacked units as follows: basal dacite breccias, 
an overlying columnar-jointed dacite, and flow-ridges at the top.  Ruppel et al. (1993), on their 2o 
geologic map of southwest Montana and east-central Idaho, map the rocks of the McDowell 
Springs area, as well as the more southern Cold Springs Creek, and Grasshopper Creek areas as 
undifferentiated Cretaceous volcanics (Kvu).  They describe them as Cretaceous high-K dacite 
and minor andesite, and further delineate a two layer volcanic unit, the upper layer of which 
includes intermediate composition lava-flow, volcanic breccias, volcanic-pebble conglomerate, 
volcaniclastic sandstone, dikes, tuff, and a volcanic dome.  This, they propose, lies atop a lower 
unit of pyroclastic flow units and tuff.  Leeth (1988) investigated the Late Cretaceous and 
Tertiary sedimentary rocks of the Grasshopper Creek area, south of McDowell Springs. 
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Tertiary gravels, as well as tertiary basalts, cap the fold and thrust sequences of 
sedimentary rocks in many areas of the frontal fold and thrust zone of southwest Montana.  
Tertiary gravels are found in several locations of the McDowell Springs area.  Cross-bedded 
sandstone cobbles litter the southernmost volcanic hill of the McDowell Springs area, just east of 
the Badger Ridge (northern half of Section 36, T 7 S, and R 11 W of the Bannack Quadrangle).  
Several kilometers northeast of this study area, in the Frying Pan Gulch area, Tertiary gravels, 
considered part of the Six Mile Creek Formation, described by Fritz and Sears (1993), cover a 
folded and faulted Paleozoic and Mesozoic sedimentary sequence similar to that in the Badger 
Pass area and are found at the same present day elevation as the gravels in McDowell Springs, 
suggesting an extensive depositional plain, much of which has since been eroded. 
 12
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Figure 2.1.  USGS 7.5 minute Topographic basemap of the study area with notes and sample locations added. 
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Figure 2.2.  Geologic map of the study area.  Selected sample locations are labeled and marked.
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      CHAPTER 3 
FIELD WORK 
 
Field Descriptions 
The rocks of the McDowell Springs area have been sub-divided into four rock groups 
based on field investigations:  Group 1] coarse-grained rocks containing large magnetite 
phenocrysts, Group 2] medium-grained rocks, lacking the prominent magnetite grains of Group 1 
rocks, Group 3] volcaniclastic rocks, composed of visually distinct clasts and matrix, and Group 
4] rocks distinguished not by their textural or compositional features, which are similar to the 
coarse or fine-grained rocks, but rather by their structural relationships with surrounding rocks. 
This last group contains outcrops that are identified as dikes.  The intrusive rocks of the Badger 
Pass area, sampled in several locations, are considered a single intrusive entity.  These samples 
are Group 5.  Field descriptions of the five groups follow.   
 
McDowell Springs Area Rocks 
Group 1:  Coarse-grained rocks of McDowell Springs 
The coarse-grained igneous outcrops vary in size including a striking conical outcrop 
approximately 300 feet high, which dominates the landscape (figure 3.1).  These outcrops are 
sparsely vegetated with mountain mahogany, prickly pear cactus and a variety of wildflowers.  
Outcrops are typically tabular, a feature caused by sub-perpendicular fracture sets.  Weathering 
occurs along the fractures.  Rubble includes well-rounded-to-spherical clasts (figures 3.2 and 
3.3).  Some outcrops exhibit flow layering, distinguished by contrasting light and dark mineral 
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accumulations.  Preferentially oriented amphibole needles and/or plagioclase laths occur.  
Euhedral magnetite phenocrysts are ubiquitous.  Rare quartz grains are observed.   
Striking spheroidal features dominate one area (section 19, T7S, R10W on the Bannack 
quadrangle and on the Burns Mountain quadrangle) where well-rounded baseball- to melon-size 
clasts are abundant and spherical crust casings are also prevalent (figures 3.2-3.5).  The soil is a 
magnetic pebbly grus.  In Pearson’s (1988) description of what he calls the McDowell Springs 
intrusive sheet, he described rounded forms, fine weathered grus, and flow-layering, which 
sounds similar to the above description.  He attributed these features to foliation and exfoliation 
surface weathering.  I also, initially, interpreted these as spheroidal weathering features, 
resembling those commonly seen among granites.  However, the features are not typical of 
spheroidal weathering, where a spheroid of resistant rock is surrounded by weathered, punky 
rock.  Instead, these features have spheroids surrounded by concentric shells or casings of 
resistant rock.  Therefore, it is likely these features may instead be the product of hot magma 
interacting with external water, such as a sub-aqueous eruption.  Further investigation is beyond 
the scope of this study; however, future study may provide valuable insights as to mode of 
emplacement and local environment.  Priest (2001) describes accretionary lapilli found in tuffs 
found near Frying Pan Gulch, Birch Creek, and McCartney Mountain, only several kilometers 
from this study area, citing their common occurrence in hydroclastic deposits.  For detailed 
discussion of hydroclastic deposits, see Fisher and Schminke (1984).   
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Figure 3.1.  Landscape-dominating outcrop of coarse-grained high level intrusive igneous 
rock.  The feature is approximately 300 feet high.  Sample MDS3 was collected from this 
outcrop. 
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Figure 3.2.  Sub-spherical rubble.  Scale provided by 4 inch Swiss army knife.  See text for 
discussion.  Multiple layers of resistant casing can be seen in the upper image, whereas spherical 
and sub-spherical clasts can be seen in the bottom image. 
 
 18
 
 
   
 
Figure 3.3.  Baseball-size clast, magnetic sediment, and casing.  The grus-like soil/rubble is 
highly magnetic, as evidenced by its ready adherence to both ends of the magnet.  Scale provided 
by 4-inch long Swiss Army knife.   
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Figure 3.4.  Spheroidal Casing feature.  Swiss Army knife provides scale. 
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Figure 3.5.  Casing close-up.  The layers of resistant casing are prominent, and the magnetic 
character of the weathered grains can be seen by their attraction to the magnet.  Approximately 
3” long magnet provides scale and displays magnetic quality of soil/rubble, which is stuck to the 
top end of the magnet. 
 
 
Group 2:  Medium Grained Rocks of McDowell Springs 
A grassy ridge along with several hills that lie farther south along the same line of strike, 
form a discontinuous ridge that runs roughly north-south along the east side of the Bon Accord 
Mine Road.  The ridge is approximately 20 meters high, a couple of hundred meters wide, and 
several hundred meters in length.  Vegetation on the hills is dominated by sagebrush and grass, 
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in contrast with the mountain mahogany that grows on the Group 1 coarse-grained hills of 
igneous rock.  Exposures are small, and tend to be limited to the top of the weathered hill slopes.  
The classification distinction for this group is subtle and is based at least as much on the outcrop 
character as the slight lithological variation.  Like the coarse-grained rocks of Group 1, the 
medium-grained igneous rocks of these outcrops display magnetic properties, but are 
distinguished by slightly finer grain size and a lack of large weathered-out euhedral magnetite 
grains that characterize Group 1 rocks.  Initially considered a tenuous classification division, 
based perhaps more on outcrop character than lithological distinctions, this group of rocks 
proved to distinguish themselves from the others as a geochemical anomaly of the group. 
 
Group 3:  Volcaniclastic Rocks of McDowell Springs 
Volcaniclastic rocks are found west of the Bon Accord Mine Road (see Fig. 2.1 for 
location).  They occur in several forms:  matrix-supported gravel to cobble-sized conglomerates, 
matrix-supported conglomerates composed of large blocks and balls (from 10 cm to 1 meter, and 
possibly several meters, in size), and non-conglomeratic rocks containing what are called here 
“ghost-clasts” (see figures 3.6-3.10).  The “ghost-clasts” occur in outcrops initially not 
recognized as volcaniclastic.  Upon closer inspection, the outcrops are observed to contain what 
appear to be clasts and matrix, which are texturally indistinct and can be differentiated only by 
color variation.  The angular “clasts” are typically1-2 cm in size, but larger ghost-clasts occur as 
well.   
The matrix-supported conglomerates contain a mix of purple, green and brown 
porphyritic sub-angular to sub-rounded gravel-to-cobble-sized clasts weathering out of a 
crumbling matrix.  The matrix-supported blocks and balls are purple or chocolate-brown “clasts” 
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up to several meters in length, resembling dismembered dikes or collapsed dome debris.  The 
clasts are supported by an igneous “matrix” that appears lithologically similar to the clasts.  The 
outcrops containing these blocks and balls display what appear to be slump and collapse features.  
Apparently random occurrences of coarse-grained igneous rock outcrops and volcaniclastic 
outcrops dominate the western region of the volcanic field.  This mixed volcanic field extends 
west to a structurally vague contact with pink and white volcanic tuff.  The tuff is overlain by, 
and in clear fault contact with the Mississippian Madison limestone that forms the base of the 
ridge of Paleozoic rocks exposed in the Badger Pass area.  No contact between the volcaniclastic 
rocks and the limestone of Badger ridge was observed.   
 
 
Figure 3.6.  Ghost-clasts in Group 3 volcaniclastic rocks.  Quarter for scale.   
 
 
 23
 
 
Figure 3.7. “Ghost-clasts” show color variation with little textural variation.    Magnet (~3 
inches) indicates scale and magnetic character; weathered grains cling to the magnet.  Arrows 
identify several clasts. 
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Figure 3.8.  “Ghost clasts.”  In this outcrop of texturally indistinct clasts, banding can be seen 
through clasts and matrix.  The image below shows a close-up.  Index card (3”x 5”) provides 
scale. 
 
 
1 inch 
 
Figure 3.9.  Close-up of clasts and continuous banding.  Images in this figure, and figure 3.9, 
show bluer than is natural.  They have been included to illustrate the continuous banding. 
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Figure 3.10.  Clast and matrix, display little difference in lithology.  The clasts weather out as 
distinct entities, but appear compositionally indistinct from the matrix.  Swiss Army knife 
provides scale. 
 
 
Group 4:  McDowell Springs Dikes 
 Dikes appear in several 
locations (Figure 3.11).  It is mainly through structural relationships and general form that most 
of the dikes are distinguished; lithologically, the rocks of the dikes resemble the coarse-grained 
or medium-grained rocks of Group 1 and 2 described above.  In some cases there are visible chill 
zones.  Large dikes, up to 3-4 meters in width and 10-15 meters in length distinguish themselves 
by their tabular form, and, though lacking lithologic contacts, they weather differently from the 
rocks they cut.   
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Figure 3.11.  Partially dismembered dike, Group 4, in McDowell Springs.  Backpack and 
~18” rock hammer provide scale. 
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Badger Pass Area Rocks 
 
Group 5.   Badger Pass Area Intrusive Igneous Rocks 
Fresh rock of the intrusion, exposed along the ridge in the Badger Pass area, appears as a 
gray-green porphyry, containing prominent plagioclase laths, up to several millimeters in length, 
and rare rectangular mafic xenoliths, one to three centimeters in length.  The rock weathers to a 
brown soil.  The intrusion is seen in contact with limestone throughout the area, including the 
numerous sites of mining activity.  It is also exposed in contact with Cretaceous tuff in several 
locations.  A distinctive columnar-jointed outcrop is exposed along the east side of Badger Ridge, 
a Mississippian limestone hill (figure 3.12).  
  
Figure 3.12.  Columnar-jointed andesite intrusion in Badger Pass Area.  Bicycle and person 
provide scale. 
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Field Relationships 
 
Intrusive Contacts 
 There is abundant evidence of the igneous rock of Badger Pass intruding the Paleozoic 
rocks of the thrust plate.  Mine pits expose the potentially profitable mineralization resulting 
from hot magma contacting limestone.  There is an extensive zone of marbleized limestone along 
part of the eastern and southern limestone ridge of the leading edge of the thrust plate, (see map 
in Fig.2.1 for location) indicating that the intrusion imposed a thermal and/or hydrothermal 
metamorphic overprint onto the limestone.  On the west side of Badger Ridge, along the road, 
are several exposures of andesite, including a columnar-jointed outcrop 6-7 meters in height.  
Several exposures display intrusive contact between the andesite and tuff (see Figure 3.13).  At 
the contact, the tuff shows signs of having been baked by the intrusion, in the form of a narrow, 
discolored zone one or two centimeters wide.  No contact is observed between the thrust plate 
and the foreland intrusion or between the thrust plate and the volcaniclastic rocks of the foreland.  
The thrust plate and the volcaniclastic rocks are separated by tuff, and the volcaniclastic rocks lie 
between the McDowell Springs intrusion and the Badger Pass intrusion and sedimentary units. 
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contact 
hammer 
Andesite 
Tuff 
Figure 3.13.  Intrusive contact between andesite and tuff exposed in the Badger Pass Area.  
A road cut along the west side of a massive Mississippian Madison limestone hill (Badger Ridge) 
exposes the andesite intrusion in contact with tuff.  A baked tuff zone is visible at the contact.  
Rock hammer to left of bush, and backpack in foreground of the upper image provide scale.  Red 
Swiss Army knife in center of lower right image provides scale.  On the east side of the same 
ridge, the limestone can be seen in thrust contact above the tuff.   
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Fault Contacts 
No contact is observed between the thrust Paleozoic rocks of the Badger Pass thrust plate 
and the McDowell Springs intrusion.  They are hundreds of meters apart.  Neither is there a 
distinct structural relationship between the McDowell Springs intrusion and the Badger Pass 
intrusion.  The Paleozoic limestone of the Badger Pass thrust plate overlies the Cretaceous tuff, 
in fault contact, along the southern end of the ridge, near the New Departure Mine.  Additionally, 
a “near window” appears in the thrust plate, revealing a fault contact between the limestone and 
the tuff beneath it.  Between the folded and faulted Paleozoic sequence and the hypabyssal 
McDowell Springs rocks lie the tuff and/or volcaniclastic rocks.  There is an unclear structural 
relationship between the McDowell Springs intrusion and the tuff.   
 
Depositional Contacts 
 In several places Tertiary gravel of the Six Mile Creek Formation overlies the intrusion in 
the McDowell Springs area, and volcaniclastic rocks exposed along the Bon Accord Road 
overlie tuff (see figure 3.14 and 3.15).  Pink and white tuffs in the northeastern most part of the 
study area, near Hwy 278, are in uncertain relationship with the McDowell Springs intrusion.  
Late Cretaceous Beaverhead conglomerate overlies Paleozoic limestone in the Badger Pass area. 
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Badger Ridge 
 
Figure 3.14.  McDowell Springs igneous rocks overlying pink and white Cretaceous Cold 
Springs Creek tuff, in a depositional contact.  Outcrop along Bon Accord Road, looking west 
toward tree-covered Badger Ridge, the leading edge of the thrust plate, in the background.  Rock 
hammer resting along contact provides scale. 
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Figure 3.15.  Close-up view of depositional contact between volcaniclastic rock of McDowell 
Springs and tuff shown in Figure 3.14.  Rock hammer straddles the contact. 
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Discussion     
 
When discussing volcanic rocks and high level intrusive rocks, a problem with 
classification may arise, as it does with these rocks, regarding whether they should be given 
intrusive or extrusive names.  Field relations in Badger Pass leave no doubt that igneous rocks 
intruded the Paleozoic sedimentary rocks.  The rocks of the McDowell Springs area include 
intrusive dikes and probable dome intrusions.  These are shallow intrusions, exhibiting 
characteristics of extrusive rock, including flow features and large phenocrysts supported by an 
aphanitic matrix.  Therefore, though the area is composed of a mix of structurally intrusive and 
extrusive rocks, volcanic rock classifications are chosen as most appropriate for all of these rocks.  
The rocks of the McDowell Springs area consist of dacite and andesite and are products of high-
level intrusion and explosive extrusion.  There are lava flows and assorted pyroclastic rocks, as 
would be expected from volcanism of magmas of intermediate composition.  High volatile 
content, accompanied by the high viscosity of an andesitic or dacitic magma, is typically 
considered responsible for the highly explosive nature of related extrusion (Fisher and 
Schmincke, 1984).  The observed flow banding may be a magma chamber feature or evidence of 
surficial flow.  Because this is a very high level intrusion, the distinction between intrusion and 
extrusion is vague.  The presence of dikes, and the chill zones observed is evidence of intrusion, 
whereas the scarcity of chill zones suggests a lack of significant temperature gradient, i.e. hot 
rock likely intruding hot rock.  A flow breaking up and intruding itself, incorporating chunks of 
dikes or collapsing dome, is plausible.  In such a scenario, clasts and matrix would be the same 
magma in different stages of cooling.  Viscous, slow-moving andesite flows can form block 
lavas, and both extensive auto-brecciation and fragment resorption during flow are not 
uncommon, especially in contact with water (Gill, 1981).  This may be what has produced the 
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features seen in this area.  Some of the massive blocky outcrops may be large transported blocks 
of collapsed domes or auto-brecciated flow crust.  The rocks containing the ghost clasts may be 
the result of smaller scale hot brecciating flows, possibly in a subaqueous environment.  The 
volcaniclastic rocks observed in the McDowell Springs area correspond with Fisher and 
Schmincke’s (1984) description of the three pyroclastic units commonly found associated with 
andesitic stratovolcanoes:  1) pyroclastic flow deposits produced by collapsing domes, 2) lahars, 
and 3) various types of breccias.  As noted earlier, an investigator working in nearby locales 
(Priest, 2001) describes accretionary-lapilli tuffs, and associates them with a subaqueous 
environment.  The dikes and volcaniclastic rocks are essentially coeval.  No contact is observed 
between the sedimentary rocks of the thrust plate and the volcaniclastic rocks of McDowell 
Springs.  There is no evidence that volcaniclastic rocks lie beneath the thrust plate.  The tuff 
separates the thrust plate from the volcaniclastic rocks along its eastern edge, and the intrusion 
separates them to the south. 
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East
Medium-grain intrusion 
Coarse-grain intrusion 
Volcaniclastic Rocks 
Figure 3.16.  View of McDowell Springs area, from Badger Pass area.  Looking east across the volcaniclastic rocks, the horizontal 
ridge is medium-grain intrusion, and the shrub-covered hills are the coarse-grain intrusive rocks.  
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CHAPTER 4 
ANALYTICAL METHODS  
 
Following mapping and sample collection, selected samples were cut, crushed, and 
powdered in readiness for further preparation techniques required for petrographic analysis, 
whole rock major element analysis using X-ray fluorescence (XRF) (methods described in 
LaTour(1989), trace element analysis using standard addition ICP-MS, and REE composition 
using isotope dilution inductively coupled plasma mass spectrometry (ID-ICP-MS).  Whereas 
every effort was made to collect unweathered and unaltered samples, fresh, samples were 
extremely difficult to obtain.  Outcrops are highly fractured, and weathered to surprising depths.  
Attempts to reveal fresh rock by breaking large boulders were in many cases unsuccessful, the 
cores of even the boulders revealing iron streaked signs of weathering.  During sample 
preparation contact with equipment may introduce contaminating elements.  Pulverizing rock 
with a steel jaw crusher risks contamination with Fe, and also possibly Cr, Co, Ni, and Mn from 
the steel.  The ceramic Shatterbox pot can potentially contaminate the sample with aluminum 
(Best and Christiansen, 2001).  All sample preparations were performed in the Georgia State 
University labs.  X-ray fluorescence analyses were performed in-house or by an outside 
commercial lab.  Trace element and REE analyses were all performed in the Georgia State ICP-
MS lab.  Individual method descriptions are detailed in the following sections or in appropriate 
appendixes.   
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Petrography 
 
Petrographic analysis aids classification of rocks and offers clues to petrogenetic history 
(Shelley, 1993; Vernon, 2004).  Selected samples from each group were prepared as thin sections.  
Summary descriptions are presented below, followed by a brief discussion.   
 
Group 1.  McDowell Springs Coarse-Grained Rocks (Fig. 4.1) 
The coarse-grained rocks of McDowell Springs are phenocryst-rich porphyries.  They are 
dominated by plagioclase laths, but also contain orthopyroxene, clinopyroxene, alkali feldspar, 
quartz, and biotite.  Phenocrysts account for approximately 30%-40% of the rock, by volume.  
Grain size ranges from less than 0.5 mm to several mm in length.  Most plagioclase phenocrysts 
are strongly zoned and twinned (see figure 4.1), and some grains are broken.  The plagioclase 
phenocrysts are sodic andesine (Anorthite (An) contents of 30-40% average are calculated using 
the Michel-Levy method described by Nesse (1991)).  Apatite inclusions occur in the plagioclase.  
Characteristic coffin-shaped basal section hornblende phenocrysts remain in form only, having 
been partially, or entirely, replaced by opaque minerals.  Biotite is present in several large grains 
and occurs as an inclusion in an amphibole grain.  A large oxide-rimmed calcite grain is visible.  
Opaque minerals abound, as inclusions/replacement minerals in phenocrysts and as constituents 
of the matrix.  The rocks are highly magnetic, indicating that the opaque minerals are magnetite.  
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0.2 mm 
 
 
 
0.1 mm 
Figure 4.1.  McDowell Springs Group 1, coarse-grained intrusive rock (sample MDS3).  Top 
image shows large quartz grain with rounded, resorbed rim, and bottom image contains an 
almost entirely replaced biotite grain.  Magnetite grains (black) and plagioclase and plagioclase 
feldspars are abundant in both images. 
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Group 2.  McDowell Springs Medium Grained Rocks (Fig. 4.2, 4.3) 
McDowell Springs medium grained rocks are also porphyritic, typified by smaller grain 
size and lack of quartz.  These rocks are more phenocryst-rich than the coarse-grained McDowell 
Springs rocks, with 40%-50% modal composition compared to ~30% for Group 1.  Phenocryst 
assemblage is again dominated by plagioclase, but also includes 1%- 2% small clinopyroxene 
prisms (a greater abundance than the sparse distribution in the coarse-grained samples).  
Magnetite is abundant.  Pyroxene accounts for approximately 1%-2% of the phenocrysts, by 
volume, and is dominated by clinopyroxene.  Grains are broken, and in some cases bent.  See 
figures 4.2 and 4.3. 
 
 
Group 3.  McDowell Springs Volcaniclastic Rocks (Fig. 4.4) 
McDowell Springs volcaniclastic rocks are porphyritic, and in some cases also 
glomeroporphyritic.  They contain rounded and resorbed grains of biotite, amphibole and K-
feldspar, besides the ubiquitous laths of plagioclase.  As in the intrusive rocks, plagioclase grains 
are zoned and rounded.  Amphiboles have oxidized rims, and some coffin-shaped grains have 
been entirely replaced with Fe-Ti oxides.  There are agglomerates within a highly oxidized 
matrix (see figure 4.4).  In at least one clast sample, the plagioclase laths display distinct 
preferred orientation--trachytic texture--the result of flow (Shelley, 1993).  Abundant magnetite 
grains are observed, as in phenocryst inclusions and within the matrix.  Most samples contain 
secondary calcite, occurring as scattered grains, and in microveinlets. 
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0.1 mm 
 
Figure 4.2.  McDowell Springs Group 2 medium-grained intrusive rock. (Sample MDS26), 
Top image is a field photo showing plagioclase with corroded core.  Bottom shows thin section 
image of plagioclase with corroded core, high relief pyroxene grains, and magnetite (plane 
polars). 
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apatite 
0.1 mm
 
 
 
0.1 mm 
Figure 4.3.  McDowell Springs Group 2 medium-grained intrusive rock (Sample MDS26).  
Top image shows twinned, zoned plagioclase with apatite inclusions (crossed polars).  Bottom 
image shows broken clinopyroxene crystal (crossed polars).  Magnetite is visible in both images. 
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0.1 mm
0.1 mm
 
Figure 4.4.  McDowell Springs Group 3 volcaniclastic rock (sample Clast Q).  Top image 
shows glomeroporphyritic texture common in volcanic rocks.  Bottom image shows sericitization 
in plagioclase grains. 
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Group 5.  Badger Pass Intrusive Rocks (Fig. 4.5, 4.6, 4.7, 4.8)) 
The Badger Pass intrusive rocks are dominated by laths of plagioclase, but also contain 
abundant deeply colored (green), pleochroic, euhedral, coffin-shaped, occasionally twinned 
hornblende (figures 4.5 and 4.6).  Bimodal size distribution of hornblende is evident, and almost 
all are bounded by opaque oxides.  The plagioclase phenocrysts, with An contents of 30-40%, 
are andesine.  These euhedral and anhedral plagioclase grains contain internal oxidation rims and 
corroded cores.  Some grains are sharp-edged and some have rounded resorbed edges.  Most 
crystals are twinned, and many are compositionally zoned. 
Pyroxene is minor, accounting for less than 1% by volume, and is predominantly 
clinopyroxene.  Most grains are altered around the edges (figure 4.7) and some simple twins 
occur (figure 4.7).  Magnetite is identified by the strong magnetic property of the rocks.  
Magnetite appears to have partially or completely replaced most of the biotite grains (figure 4.8), 
which are recognized by the residual biotite or by their typical rectangular form.  Some 
characteristic coffin-shaped basal sections of hornblende phenocrysts remain in form only, 
having been partially, or entirely, replaced by magnetite. 
The matrix is granular, and in most samples is oxidized to varying degrees.  Boundaries 
between matrix and grain are sometimes indistinct.  Many grains are broken, and in some cases 
bent.  Magnetite grains abound in the matrix. 
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0.1 mm
 
 
0.1 mm
Figure 4.5.  Compositional zoning and twinning in plagioclase. Compositional zoning and 
twinning are common features of the plagioclase feldspars.   Top image from Badger Pass 
intrusion, Group 5 (sample BP041).  Bottom image from Group 2 (sample MDS26).   
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0.1 mm
 
 
 
 
 
 
 
Figure 4.6.  Badger Pass intrusion (sample BP041).  Typical coffin-shaped hornblende shows 
twinning and an oxidized rim.  Black grains are magnetite. 
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Figure 4.7.  Simple-twinned clinopyroxene.  Badger Pass intrusion, Group 5 (sample BP041).  
Right image is a close-up view of the pyroxene grain in left image. 
 
 
 
    
0.2 mm 0.1 mm
0.1 mm
 
 
Figure 4.8.  Biotite phenocryst with magnetite inclusions and oxidized rim.  Badger Pass 
intrusion, Group 5 (sample BP041).   
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Discussion 
 
Modal mineralogy establishes the rocks as dacites and andesites.  All samples are 
dominated by plagioclase, which occurs in a range of grain sizes within any single sample.  It 
occurs as anhedral, euhedral and broken grains, altered to varying degrees, twinned and 
compositionally zoned.  The plagioclase composition (~ An30- An 40 average, calculated using 
the Michel-Levy Method) is consistent throughout the samples, though compositionally zoned 
phenocrysts were not analyzed.  The variation in crystal form, some grains broken, some 
euhedral, and some anhedral, can be expected in extrusive rocks (Shelley, 1993).  The distinct 
preferred orientation displayed by the plagioclase laths in some samples suggests that at least 
some of the rocks formed as part of a flow.  Typically, plagioclase is the only feldspar found in 
andesite, though sanidine may occur in high-K andesite and K-spar occurs in dacite (Gill, 1981).  
Geochemically, these rocks are classified as dacites and high-K andesites (see major element 
discussion below), with which the appearance of sporadic K-feldspars is consistent.   
Whereas the plagioclase is ubiquitous, the presence, or absence, of orthopyroxene and 
clinopyroxene, amphibole and biotite phenocrysts varies among samples, and may reflect 
variable water content.  In andesite, biotite can occur as an accessory mineral or occasionally as a 
primary mineral, in which case it is almost always accompanied by hornblende (Gill, 1981).  
This is consistent with the occurrence of both minerals in these rocks.  The coronas of iron oxide 
observed on both biotite and hornblende phenocrysts are also typical of andesites (Gill, 1981).  
The plagioclase and clinopyroxene contain inclusions of the common accessory mineral apatite, 
which can accommodate abundant REEs (Deer et al., 1992).  
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The presence of calcite varies, and is seen mainly in the volcaniclastic McDowell Springs 
samples.  It is most likely a secondary mineral, formed as a result of hydrothermal alteration 
following emplacement.  Reaction with the abundant limestone of the area during emplacement 
could be the source of the carbonate, but this is not known and was not investigated.   
The degree of alteration varies somewhat between samples.  Some samples contain more 
broken or rounded grains than others, whereas a few samples contain sharply euhedral crystals.  
Characteristic coffin-shaped basal section hornblende phenocrysts and typically rectangular-
shaped biotite phenocrysts, partially, or entirely, replaced by opaque minerals, suggest that the 
rocks have undergone either late-stage or post-magmatic alteration (Cox, 1979). 
Petrographically, groups 1, 2, 4, and 5 are extremely similar.  Variations in mineralogy 
reflect some variation in silica content, as a few quartz and alkali feldspar grains occur in only 
several samples, while not in others.  Variation in fluid content may be responsible for the 
variable occurrence of pyroxenes and amphiboles and biotite.  Alteration and abundance of 
oxides may also be a reflection of fluid content.  The resorption features evident in biotite and 
hornblende grains may be the result of late stage devolitisation, as the stability of both minerals 
are sensitive to changes in water content (Cox et al., 1979).  All of these similarities, as well as 
the explanations for variations, allow for the possibility of a same source.  The differences 
among samples can be explained by them having been formed under slightly different 
circumstances, such as the presence or absence of external water.  It is also possible, but 
considered less likely, that they originated in different zones of a magma chamber. 
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Major Element Analysis 
 
Major element concentrations are used to characterize and classify the rocks.  They reveal 
differentiation trends and provide initial indications of geochemical origin, evolution, and 
petrogenetic relationships.  The trace element concentrations, specifically the rare earth element 
concentrations, which will be discussed later, are used to contribute more nuanced petrogenetic 
information.  Major element concentrations for eleven samples analyzed are listed in Table 4.1.  
Rocks are plotted on the commonly used Total Alkali-Silica diagram (figure 4.9), an 
International Union of Geological Sciences (IUGS) classification scheme intended to aid in 
naming igneous volcanic rocks (Le Bas et al., 1986).  The diagram is constructed by plotting 
combined Na2O wt % and K2O wt % against SiO2 wt %.  The compositional boundaries of the 
fields of the TAS diagram were established as the result of a review of the chemical composition 
of 24,000 previously named volcanic rocks, and the field boundary coordinates simply represent 
the divisions of the similarly composed collections of rocks, which have been given the same 
descriptive names (Le Bas and Streikheisen, 1991, in Le Maitre, 2002).  Thus, the boundaries are 
not strict compositional parameters, and samples straddling a boundary do not necessarily 
represent distinctly different rocks.  The classification scheme is intended to aid descriptive 
characterization, and no petrogenetic implications are intended by its use.  The igneous rocks of 
McDowell Springs and Badger Pass have silica compositions that range from 58 wt % to 64 
wt %; and the combined Na2O and K2O weight percentages range from 5.7 wt % to 6.8 wt %.  
The rocks fall mainly in the andesite field, with several samples in the dacite field and straddling 
the andesite-dacite field boundary, and one sample on the boundary between the andesite to the 
trachyandesite fields.  The compositional variation is small.  Dacites are traditionally 
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distinguished from andesites by the phenocrysts of quartz they contain (Gill, 1997), and this is 
consistent with what is found in the petrographic analyses.  The samples that fall in the dacite 
field contain quartz phenocrysts.  The TAS diagram is also divided into alkaline and sub alkaline 
fields by a solid line.  All but one sample fall within the sub-alkaline field.  Sub-alkaline rocks 
can be divided into calc-alkaline and tholeiitic groups based on iron content.  Calc-alkaline rocks 
typically contain 16% -20% Al2O3 wt %, whereas tholeiitic rocks typically contain 12%-16% 
(Philpotts, 1989).  With one exception, the samples in this study all contain 16 or 17 wt % Al2O3.  
Further sub-group classification, based on K2O wt % and SiO2 wt % concentrations, is shown in 
figure 4.10, using the field boundaries of Le Maitre et al. (2002) for dividing sub-alkalic rocks 
into high-K, medium-K, and low-K (tholeiitic) groups.  The rocks of this study plot along the 
boundary between medium-K and high-K.   
Harker variation diagrams, bivariate element concentration plots, have been constructed 
(figures 4.11-4.13) in order to reveal and display possible trends and correlative patterns between 
elements mentioned above.  The plots can indicate possible evolutionary trends that could be 
expected in a cogenetic sequence.  Variation diagrams are intended for use with aphanitic 
samples, which represent magma compositions (Wilson, 1989).  All of the samples in this study 
are highly porphyritic, perhaps accounting for some of the variation in concentration.  
The bivariate plots of figure 4.11 display the major element plotted against silica 
concentrations (as weight percentages), in order to identify any evolutionary trends.  
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Table 4.1.  Major element concentrations of sample rocks and USGS Reference Sample analyses.   
      
 
 
______________________McDowell Springs*___________________ Badger 
Pass* 
 USGS 
ReferenceSamples** 
 
   
 
__Group 1__ __Group 2__ __Group 3__ _______Group 4_______ __Group 5__     
 wt.% BCR1* RGM1*  MDS3 MDS16 MDS22 MDS26 MDSc MDSm MDS34d MDS34s MDS0441 BP04c BP041 
SiO2 54.06 73.45  64 63 62 62 58 62 64 63 62 60 61 
TiO2 2.24 .27  0.5 0.6 0.6 0.6 0.7 0.6 0.5 0.6 0.6 0.6 0.6 
Al2O3 13.64 13.72  16 16 17 17 17 15 16 16 17 16 16 
Fe2O3 13.41 1.86  4.8 5.0 4.6 5.2 6.1 5.6 5.2 5.6 5.7 5.5 5.7 
FeO               
MnO .18 .04  0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1 
MgO 3.48 .28  1.7 1.8 0.7 1.4 1.1 1.3 1.5 1.5 1.6 1.6 1.9 
CaO 6.95 1.15  4.1 3.6 4.0 4.4 4.3 3.4 3.5 3.6 4.3 5.4 4.1 
Na2O 3.27 4.07  3.2 3.2 3.7 3.6 3.7 3.8 3.3 3.3 3.5 3.4 3.2 
K2O 1.69 4.30  2.9 2.9 2.8 2.7 3.2 1.9 2.9 2.7 2.7 2.4 2.6 
P2O5 .36 .16  0.2 0.2 0.2 0.2 0.2 0.1 0.1 0.2 0.2 0.1 0.2 
SrO     0.1 0.1  0.0 0.0 0.1 0.1 0.1 0.1 0.1 
BaO     0.1 0.2  0.2 0.1 0.1 0.2 0.1 0.1 0.1 
LOI     2.6 2.8  4.6 5.1 2.3 2.5 2.2 3.6 3.6 
Total 99.28   97 99 99 97 99 99 99 99 100 99 99 
               
Note: 
* This table includes only samples for which major and trace element analyses were obtained.  Additional major element 
analyses are listed in Appendix A.  (Commercially processed samples are reported with a 10 % error for major element 
concentrations.)  
  
**BCR1 and RGM1 are XRF-generated USGS Reference Samples (Geostandards, 1984). 
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Figure 4.9.  Total Alkalai-Silica Diagram (TAS Diagram), after Le Bas et al. (1986), in Le 
Maitre, ed. (2002).  The TAS diagram is a commonly used chemical classification scheme for 
volcanic rocks.  Blue circles represent Badger Pass samples; green triangles are McDowell 
Springs samples; closed diamonds is the clast, and open diamond is the matrix samples from a 
single outcrop (wt % concentrations recalculated to 100%).   
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Figure 4.10.  Sub-alcalic subdivisions based on K20 content.  Sub-alkaline rocks can be 
further sub-divided based on their K20 content.  High-K, Middle-K, and Low-K fields separated 
by dashed lines.  (wt % concentrations recalculated to 100%).  From LeMaitre, 1989, in 
Rollinson (1993). 
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Some researchers have suggested that the use of SiO2 as an evolutionary index may be 
less reliable than previously thought, asserting that silica concentrations do not increase in the 
residual liquid of earlier melts in a pattern as had been assumed, and often do not show an 
increasing trend until after the crystallization of silica-free phases such as magnetite (Cox et al, 
1979).  MgO has been preferred as an index by some researchers.  This is more of an issue with 
petrogenetic studies of basalts than the more compositionally intermediate andesites and dacites 
this study includes, but MgO is used here in addition to SiO2 as a means of providing additional 
means of evaluating and comparing the rocks.  Because magnesium is very compatible, it makes 
a good evolutionary index.  Magnesium enthusiastically partitions into minerals crystallized in 
the early stages of crystallization, and thus is depleted in the residual liquid.  As crystallization 
proceeds, there is less Mg available.  Conversely, in partial melting, Mg will remain behind, in 
the rock, as liquids are initially produced.  There is a predictable progression that, if seen, allows 
one to consider a genetic relationship between rocks following this progression.  Rocks formed 
through fractional crystallization can be expected to be initially Mg-rich and silica-poor, with Mg 
content decreasing and silica content increasing in an evolving cogenetic series of rocks.  Figure 
4.12 displays plots of the major oxides against MgO wt%. 
The major oxides have also been plotted against the magnesium number (mg number = 
100 x (moles Mg / (moles Mg + 0.85 (moles total FeO)) in figure 4.13.  The 0.85 in the equation 
is used as an estimate of the ratio of ferrous to ferric iron in the magma.  The magnesium number 
as an index takes into account the relationship of magnesium to iron concentrations, not simply 
the change in Mg concentration, as the MgO wt% does.  However, the Mg/Fe ratio can 
potentially be a less effective crystallization index when magnetite is one of the crystallizing 
phases, as in these rocks; magnetite causes the ratio to fall more slowly than expected in an 
 
 54
evolving crystal-liquid series. (Cox et al., 1979)  As evolutionary indexes, silica, magnesium 
oxide, and the mg number all have advantages and disadvantages.  In the present study, the 
results for all three methods were essentially the same because very little variation exists among 
the rocks. 
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Figure 4.11.  Major elements plotted (as weight percentages) against silica.  USGS 
Reference Samples BCR1 (basalt) and RGM1 have been included for comparison.  These charts 
contain additional samples to those listed in Table 4.1 includes only samples for which major and 
trace element analyses were obtained.  See Appendix A for additional samples analyzed for only 
major element concentrations. 
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Figure 4.12.  Major elements vs. MgO (wt %).  USGS reference samples BCR1 (basalt) and 
RGM1 (rhyolite) have been added to provide references.  With the exception of the medium-
grain McDowell Springs Group 2 samples, the rocks cluster tightly, and fall between the BCR1 
basalt and RGM1 rhyolite. 
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Figure 4.13.  Major elements vs. Mg Number.  Open diamonds areBCR1 and open squares are 
RGM1.  With the exception of the medium-grain McDowell Springs samples, the rocks cluster 
tightly, and fall between the BCR1 basalt and RGM1 rhyolite.  
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Discussion 
Geochemical classification and petrographic analysis of these rocks are mutually 
supportive.  Thin sections of the dacite samples contain quartz and alkali feldspar phenocrysts, 
consistent with the higher Si, Na, and K concentrations for these samples seen in the 
geochemical analysis.  The samples that fall within the andesite field of the TAS diagram do not 
contain these alkali feldspar phenocrysts.  The variation diagrams reveal only slight variation in 
any of the major element concentrations as silica content increases.   
The results of the major element analyses, coupled with the petrographic analyses, show 
rocks that are remarkably similar.  The slight variation could be the result of minor internal 
evolution within a cogenetic series, or the result of sampling alone.  Though it is not within the 
scope of this investigation to explore tectonic setting, high-K calc-alkaline rocks, such as these, 
are typically associated with subduction zones (Gill, 1981).  They are compositionally similar to 
the Lower Dillon Volcanics described by Fritz et al. (2007) as Early Tertiary subduction-related 
volcanics.  The suggestion of a similar origin for the rocks intruding the thrust plate and those of 
the foreland is thus far supported.  Evidence allows for a single source--probably a short-lived, 
isolated chamber, which did not receive multiple injections of magma.  Additional analyses are 
presented in the following sections to further support this model. 
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Trace Element Analyses 
 
The presence and distribution of trace elements is used to better characterize the rocks 
and to constrain the relationship between the various groups.  Trace elements occur in a much 
greater range of concentrations than major elements, and are sensitive to conditions such as 
pressure, temperature, composition, and oxygen activity, but are not affected by the abundance 
of the element, since the concentrations are low enough that they do not affect the stability of any 
phase of the system. (Hanson, 1980; (Hanson and Langmuir, 1978).  These qualities typically 
render trace elements more useful than major elements for “fingerprinting” rocks. (Hanson, 1980; 
Hanson, 1989).  Trace element analyses of targeted minerals can be used along with whole rock 
analyses to look at patterns of distribution (mineral-melt Kd’s), which can provide additional 
petrogenetic information (Hanson and Langmuir, 1978).   
The rare earth elements (REEs), a subset of trace elements, include the elements with 
atomic masses from 57 (lanthanum) to 71 (lutetium), though sometimes yttrium (atomic mass of 
39) is included, and promethium does not occur in nature.  They behave similarly as a group, all 
existing in a 3+ valence state, and varying slightly in ionic size.  Europium (Eu) can also occur as 
a 2+ cation under reduced oxidation conditions, and this will be discussed in greater depth later.  
The REEs are highly sensitive to conditions of formation, and provide an excellent means of 
fingerprinting magmas (Hanson, 1980).  Because they add electrons to inner orbits, rather than to 
their outer shell, the ionic radii progressively decrease as atomic number increases, resulting in 
only slight behavioral variation between adjacent elements, but the possibility of relatively 
dramatic variation between elements with greater size differences (Hanson, 1980).  The rare 
earth elements are typically divided into three groups:  the light rare earth elements (LREEs), 
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middle rare earth elements (MREEs), and heavy rare earth elements (HREEs).  The LREEs are 
the largest ion elements, with lower atomic numbers, and the HREEs are the smallest ion 
elements.  For reference, a table, listing the REEs, their symbols, atomic numbers, and eight-fold 
ionic radii has been included (Table 4.2).  REE abundances are, by convention, plotted as base 
ten log parts per million (ppm) values, left to right along the X-axis from light (lanthanum) to 
heavy (lutetium) elements.  Concentrations are normalized to chondritic abundances to eliminate 
the jagged patterns resulting from the Oddo-Harkins effect, resulting from the greater natural 
abundance of even-numbered elements.).  The normalized plots of measured REE concentrations 
in a sample produce distinctive patterns, which are used to effectively display, evaluate and 
compare rock samples.  The normalized patterns of abundance elucidate geochemical 
evolutionary changes the rocks have undergone compared to primitive earth rocks since 
chondrites are considered to represent unfractionated “original” primitive earth.  Enrichments 
and/or depletions in elements, or groups of elements are easily seen, and differences or 
similarities among samples are easily recognized.  Interpretation and comparison is facilitated, 
and clues as to evolutionary history or source characterization can be used to establish the 
relationship between the rocks.  The Leedey chondrite abundances (Masuda et al., 1973, as 
reported in Hanson, 1980) are used for normalization in this investigation (included in Table 4.2).  
The combination of the high precision isotope dilution ICP-MS analytical technique and the 
better than 2% precision and accuracy of the Leedey chondrite analysis (Hanson, 1980) has 
resulted in the smooth REE patterns these samples display and the reliability of their usefulness 
for interpretive comparisons. 
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Table 4.2.  The Rare Earth Elements (REEs).  
Name* Symbol 
Atomic 
number 
Ionic radius for eight-
fold coordination 
(Angstroms)**  Element 
Leedey chondrite 
values*** 
Lanthanum La 57 1.160 La 0.315 
Cerium Ce 58 1.143 Ce 0.813 
Praseodymium Pr 59 1.126 Pr  
Neodymium Nd 60 1.109 Nd 0.597 
Promethium Pm 61 not naturally occurring Pm  
Samarium Sm 62 1.079 Sm 0.192 
Europium Eu 63 1.066 Eu 0.0722 
  Eu2+  1.250   
Gadolinium Gd 64 1.053 Gd 0.259 
Terbium Tb 65 1.040 Tb  
Dysprosium Dy 66 1.027 Dy 0.325 
Holmium Ho 67 1.015 Ho  
Erbium Er 68 1.004 Er 0.213 
Thulium Tm 69 0.994 Tm  
Ytterbium Yb 70 0.985 Yb 0.208 
Lutetium Lu 71 0.977 Lu 0.0323 
 
*All elements are described as 3+ ions except Eu. 
** From Shannon (1976)  
***Leedey Chondrite values (from Masuda et al, 1973, in Hanson, 1980), used to normalize REE abundances. 
 
 
Speciation of the REE europium reflects oxidation conditions of formation (Hanson, 
1980) and is explored here to more thoroughly characterize and compare the rocks of this study.  
As mentioned earlier, Eu can occur as a 2+ as well as a 3+ cation.  In-situ measurements of 
samarium (Sm), europium (Eu), and gadolinium (Gd) concentrations are obtained to evaluate the 
behavior of Eu in relationship to its atomic neighbors, Sm and Gd.  Since the abundances of 
similarly sized neighboring 3+ REE cations should vary in small and predictable amounts, as 
was discussed earlier, a slightly variable pattern of abundances would suggest Eu occurring 
predominantly as a 3+ cation, whereas a large positive anomaly of Eu concentrations, for 
example, would suggest the presence of Eu in the 2+ oxidation state.  Analyses of several 
plagioclase feldspar phenocrysts in samples from the two major areas, Badger Pass and 
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McDowell Springs, allow for an evaluation of the oxidation conditions of formation of each 
sample and offer yet another means of comparing the rocks of the thrust and those of the 
foreland.  Combining the mineral REE abundances with the whole rock REE data obtained 
through isotope dilution mass spectrometry, mineral-melt distribution coefficients (Kd’s) can be 
calculated for Sm, Eu, and Gd by taking the ratio of the element concentration in the mineral, in 
this case the plagioclase, to the corresponding element concentration in the whole rock sample 
(The whole rock is considered to represent the melt.).  These mineral/melt Kd’s express the 
affinity of each element for the mineral over the melt during magma fractionation processes such 
as partial melting and fractional crystallization.  They are mineral specific, change with the 
magma composition, and because of these qualities mineral/melt Kd’s offer an excellent means 
of comparison (Hanson, 1980).  And, as can be seen from the Eu analyses that follow, mineral 
and homogenized whole-rock samples can yield significantly different results.   
Lead isotope ratios can provide clues as to magma source (Faure, 2005).  In this 
investigation 206Pb, 207Pb, and 208Pb abundances are measured in targeted feldspar grains and 
ratios of 207Pb/206Pb and 208Pb/206Pb are calculated.  These ratios are used to evaluate the 
possibility of a same source origin for the rocks.  This completes the variety of methods of 
analysis used in this investigation to characterize and compare the rocks, and their sources.  
 
Methods 
The inductively coupled plasma mass spectrometer (ICP-MS) has become accepted as a 
highly effective analytical tool for trace element and isotopic composition determination (Jarvis, 
1988).  In this investigation a Thermo-Finnigan Element 2 high-resolution magnetic sector ICP-
MS is used to measure trace element abundances in whole rock samples and to measure REE 
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abundances and lead isotope ratios in targeted plagioclase minerals.  Several different 
preparation techniques are used.  (Please see Appendix for detailed description of analytical 
methods.)   
Hydrofluoric acid digestion followed by “standard addition” method of analysis with 
ICP-MS yielded element abundances for rubidium (Rb), strontium (Sr), yttrium (Y ), vanadium 
(V),  barium (Ba), nickel (Ni), chromium (Cr), zirconium (Zr), niobium (Nb), hafnium (Hf), lead 
(Pb), thorium (Th), and uranium (U).  Flux fusion dissolution followed by isotope dilution mass 
spectrometry (ID-MS) is used analyze for the following rare earth element concentrations on 
selected samples:  cerium (Ce), neodymium (Nd), samarium (Sm), europium (Eu), gadolinium 
(Gd), dysprosium (Dy), erbium (Er), and ytterbium (Yb).  Praseodymium (Pr), terbium (Tb), 
holmium (Ho), and thulium Tm) each have only one isotope, so cannot be measured with this 
method, since the method requires two isotopes and promethium (Pm) does not occur in nature 
(Hanson, 1980).  Relying on multiple elemental isotopes, (ID-MS) is highly effective for 
obtaining accurate measures of very low concentration elements.  To a known quantity of sample, 
a measured mass quantity of spike is added.  This spike contains two isotopes of each element of 
interest in unnatural and disproportionate ratios, generally with the concentration of the less 
commonly occurring isotope artificially enhanced.  Measuring isotopic ratios of each element 
with the mass spectrometer, and using known spike isotope ratios and spike mass, element 
concentrations can be determined (Hanson, 1976; Hanson, 1980; Walsh et al., 1997).  Isotope 
dilution is the best means of attaining element concentrations, and flux fusion offers the most 
complete method of sample dissolution (Tomascak et al., 1996).  The combination of these two 
methods used in this investigation yields highly accurate data, critical to reliable interpretation 
using trace elements.   
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Laser ablation (LA), with the mass spectrometer, provides a particularly appealing 
method because it allows individually identified and selected mineral grains to be targeted and 
analyzed with a minimum of sample preparation (Jarvis and Williams, 1993), and material is 
ablated directly into the ICP-MS.  It also allows for grains to be analyzed for elemental 
compositions and isotopic compositions while grains remain in context to be studied 
petrographically (Faure, 2005).  Laser ablation inductively coupled plasma mass spectrometry 
(LA-ICP-MS) is used in this investigation to perform target mineral analyses of lead isotope 
ratios in several samples, measuring 206Pb, 207Pb, and 208Pb in each targeted grain and calculating 
ratios of 207Pb/206Pb and 208Pb/206Pb.  Additionally, in-situ mineral measurements of samarium 
(Sm), europium (Eu), and gadolinium (Gd) concentrations are obtained for plagioclase feldspar 
grains in two samples using LA-ICP-MS.   
For LA-ICP-MS, selected rock samples are cut into chips, mounted on slides, and cut and 
ground as though preparing thin sections. The samples are, however, not ground down to 30 
microns as required for petrographic thin sections, but are left thick.  A precise thickness is not 
important; samples must simply be thin enough to isolate and identify mineral grains, and thick 
enough to provide enough sampling material without the laser penetrating to adhesive.  Target 
feldspar grains are then identified and marked, and “maps” of each sample are created to aid in 
locating the targets once inside the ablation chamber.  Intensities of the lead isotopes 206Pb, 207Pb, 
and 208Pb in each targeted plagioclase grain are measured as counts per second (cps).  Average 
intensities are reported for each isotope.  Ratios of 207Pb/206Pb and 208Pb/206Pb are subsequently 
calculated.  Following each sample, National Institute of Standards and Technology (NIST) 
Standard Reference Material (SRM) 612 are analyzed.  The precision of the NIST 612 standard 
analyses provide the basis for the data point error bars.  These error bars are established for each 
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day’s run.  They represent two standard deviations from the average of the NIST 612 analyses 
for the day.  For the REE mineral analyses, two runs are made on each grain, preceded by two 
runs each of external standards NIST 614, NIST 612, and NIST 610.  These external standards 
are used to calibrate the sensitivity of the instrument, enabling us to calculate concentration 
measurements from the counts per second (cps) intensities that the mass spectrometer measures.  
The standards also provide the basis for the resulting ±10% error associated with these REE data.   
 
Results  
Ratios of 207Pb/206Pb and 208Pb/206Pb for six samples, two from the thrust sheet intrusion, 
and four from the McDowell Springs foreland volcanic field, have been plotted in Figure 4.14.  
Data are displayed in Table 4.3.  In each sample, two to four grains were selected and two laser 
runs are made on each selected grain.  The data from the first run carry very large error bars, 
whereas the following two days of runs provided data with reasonable error bars.  The samples 
appear to congregate in a dominant single group with several outliers.  Displayed at a larger scale, 
the possibility of two groups emerges.  However, different grains from the same samples appear 
in both possible groups and large error bars for samples that may distinguish them as a separate 
group demand further analysis.  Only in one sample, MDS 26, do both grains analyzed plot 
outside of the dominant grouping. 
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Figure 4.14.  Pb isotopes in target feldspar grains.  (Error bars are calculated using the 
variability of the values produced by the NIST standards. See Appendix D.  Y-axis error bars are 
so small that some are obscured by the point symbols).  For comparison, the bottom chart 
includes feldspar analyses from plutonic rocks collected northwest of Dillon (Gunn 9A and Gunn 
14B) northeast of Dillon (Gunn 6B and 7A), and a whole rock analysis from southwest of Dillon 
(Gunn, 1991).  The feldspars in the Badger Pass and McDowell Springs samples cluster tightly.  
One grain from each sample plots within the tightest cluster. 
 
 
 
 
 67
Table 4.3.  Pb isotope compositions, obtained by LA-ICP-MS.  
 
sample  Ratio_AVG Ratio_AVG   
  
207Pb/206Pb 
 
207Pb/206Pb 
 
208Pb/206Pb 
 
208Pb/206Pb 
 
 error bars*   error bars* 
Thurs. April 28, 2006     
BP041grain2 0.001 0.900 2.235 0.003 
BP041grain2ln1pass1 0.001 0.900 2.235 0.003 
BP041grain2ln1pass2 0.001 0.898 2.229 0.003 
BP041grain3ln1pass1 0.001 0.905 2.253 0.003 
BP041grain3ln1pass2 0.001 0.902 2.249 0.003 
BP041grain4ln1pass1 0.001 0.898 2.240 0.003 
BP041grain4ln1pass2 0.001 0.899 2.241 0.003 
BP041grain5lln1pass1 0.001 0.902 2.226 0.003 
BP041grain5ln1pass2 0.001 0.903 2.223 0.003 
BP041grain6ln1pass1 0.001 0.902 2.243 0.003 
BP041grain6ln1pass2 0.001 0.902 2.243 0.003 
     
MDS3grain1 0.0013 0.916 2.252 0.003 
MDS3 0.0013 0.914 2.250 0.003 
MDS3grain2 0.0013 0.906 2.237 0.003 
MDS3 0.0013 0.906 2.242 0.003 
MDS3grain3 0.0013 0.906 2.262 0.003 
MDS3grain3 0.0013 0.906 2.257 0.003 
     
BP04cgrain1 0.001 0.901 2.244 0.003 
BP04c 0.001 0.900 2.241 0.003 
BP04cgrain2 0.001 0.899 2.245 0.003 
BP04c 0.001 0.901 2.242 0.003 
BP04cgrain3 0.001 0.925 2.261 0.003 
BP04c 0.001 0.925 2.260 0.003 
BP04cgrain4 0.001 0.900 2.245 0.003 
 0.001 0.900 2.243 0.003 
Friday April 21, 2006     
MDS0441grain1 0.001 0.900 2.234 0.008 
MDS0441 0.001 0.900 2.233 0.008 
MDS0441grain2 0.001 0.897 2.236 0.008 
MDS0441 0.001 0.902 2.242 0.008 
MDS0441grain3 0.001 0.898 2.230 0.008 
MDS0441 0.001 0.901 2.237 0.008 
MDS0441grain4 0.001 0.898 2.240 0.008 
MDS0441 0.001 0.900 2.239 0.008 
MDS0441grain5 0.001 0.898 2.235 0.008 
MDS0441 0.001 0.898 2.237 0.008 
     
*Error calculated based on variation in NIST Standard Reference Material 612 (see Appendix D) 
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Trace element abundances are displayed, in parts per million (ppm), for all analyzed 
samples in Table 4.4.  Concentrations beyond calibration limits were not included when plotting 
or interpreting data.   
Chondrite-normalized values of the rare earth elements are displayed in Table 4.5.  
Figures 4.15 - 4.18 graphically display the resulting REE patterns.   
 
Table 4.4.  Trace element concentrations, in parts per million (ppm).  
  
   
 ______________________________McDowell Springs________________________ _Badger Pass_ 
 REE concentrations in parts per million (ppm), obtained by ID-ICP-MS  
 __Group 1 __ __Group 2__ __Group 3___ _____Group 4_____ __Group 5__     
  MDS3 MDS16 MDS22 MDS26 062C 062M 0434d 0434s 0441A BP04c BP041 
 Concentrations obtained through isotope dilution mass spectrometry.    
La             
Ce 41.13 81.70 103.19 64.21 78.38 83.25 63.65 64.39 71.96 62.98 66.30 
Pr             
Nd 17.22 31.12 48.14 26.13 31.53 28.47 27.10 27.20 29.79 26.04 26.81 
Pm             
Sm 3.09 5.32 8.69 4.79 5.66 5.15 4.97 5.03 5.42 4.70 4.89 
Eu 0.82 1.33 2.17 1.28 1.41 1.14 1.12 1.30 1.39 1.27 1.22 
Gd 2.71 4.71 10.01 5.38 4.97 4.55 4.51 5.30 4.98 4.49 4.34 
Tb             
Dy 2.54 4.15 7.79 4.14 4.57 4.26 4.25 4.24 4.45 4.06 4.20 
Ho             
Er 1.49 2.36 4.71 2.55 2.62 2.48 2.50 2.52 2.64 2.41 2.46 
Tm             
Yb 1.47 2.34 3.95 2.26 2.61 2.47 2.50 2.48 2.57 2.39 2.43 
Lu                       
Trace element concentrations in parts per million (ppm), obtained by “standard addition” ICP-MS. 
V 72.3 80.9 78.2 80.2 98.1 99.9 78.1 82.2 89.6 99.8 83.7 
Cr 8.00 11.71 6.86 13.58  5.63 5.31 5.24 7.67 26.17 4.75 
Ni 4.30 5.20 3.65 4.97 25.16 3.69  3.50 3.73 7.23 4.23 
Rb 77.7 91.1 75.7 72.9 93.1 65.4 84.3 78.7 79.7 71.3 73.5 
Sr 309 385 550 470 463 321  400 489 572 435 
Y 21.2 21.3 29.5  27.7 21.8  21.0 24.4 22.3 22.6 
Zr 74.19 67.91 111.64  244 174.1  124.1 112.4 104.7 98.05 
Nb 13.6 13.8 14.0  15.1 13.4  14.0 17.1 15.0 12.6 
Ba 1469 851 1346  2775 1235  1115  1253 1228 
Hf 2.70 2.60 3.66 3.98 7.55 5.51 3.28 3.50 3.53 3.09 3.22 
Pb 20.8 20.6 21.4 21.9 30.2 16.4 17.0 19.2 21.0 19.3 17.1 
Th 10.60 12.23 9.30  12.58 9.92  6.99 9.77 9.97 10.06 
U 1.51 2.34 1.55   2.52 2.29   1.75 2.44 2.49 2.51 
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Table 4.5.  Chondrite-Normalized Rare Earth Element Abundances.  
 
           
 ______________________________McDowell Springs___________________________ _Badger Pass_ 
 __Group 1__ __Group 2__ __Group 3__ _______Group 4_______ __Group 5__     
  MDS3 MDS16 MDS22 MDS26 MDSc MDSm MDS34d MDS34s MDS0441 BP04c BP041 
              
La             
Ce 50.59 100.49 126.93 78.98 96.41 102.40 78.29 79.20 88.51 77.47 81.55 
Pr             
Nd 28.85 52.12 80.63 43.76 52.81 47.68 45.40 45.56 49.90 43.62 44.92 
Pm             
Sm 16.10 27.70 45.27 24.96 29.48 26.84 25.91 26.18 28.23 24.48 25.47 
Eu 11.29 18.35 30.08 17.77 19.56 15.83 15.51 18.02 19.28 17.57 16.90 
Gd 10.46 18.17 38.65 20.76 19.20 17.56 17.43 20.45 19.23 17.33 16.76 
Tb             
Dy 7.81 12.75 23.96 12.74 14.05 13.12 13.08 13.06 13.69 12.49 12.93 
Ho             
Er 6.99 11.08 22.14 11.99 12.29 11.66 11.75 11.82 12.40 11.31 11.53 
Tm             
Yb 7.06 11.26 18.97 10.85 12.56 11.89 12.02 11.93 12.38 11.50 11.66 
Lu            
            
Leedey chondrite abundances (Masuda et al., 1973, as reported in Hanson, 1980) are used. 
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Figure 4.15.  Rare earth element patterns for all samples analyzed. 
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REE Patterns for McDowell Springs and 
Badger Pass samples
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Figure 4.16.  Rare earth element patterns, selected samples from each group.  Also included, 
for comparison, is the pattern for average upper continental crust, from Taylor and McLennan 
(1981).  
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Clast and Matrix REE Patterns for
 single McDowell Springs volcaniclastic 
outcrop
1
10
100
1000
La Ce Pr Nd Pm Sm Eu Gd Tb Dy Ho Er Tm Yb Lu
Rare Earth Elements
C
ho
nd
rit
e-
no
rm
al
iz
ed
 c
on
ce
nt
ra
tio
ns
  (
pp
m
)
lo
g 
sc
al
e
MDSc MDSm
 
 
Figure 4.17.  Clast and matrix REE patterns for single McDowell Springs outcrop.  Patterns 
are almost identical.  The slight variation in Eu concentration between the clast and its 
corresponding matrix may be explained by slight magmatic heterogeneity. 
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Figure 4.18.  A comparison of ID-ICP-MS REE Patterns with previously obtained patterns.  Previously obtained patterns for 
rocks in the area (Ivy, 1989) are shown on the left.  The higher precision data, obtained by isotope dilution, and used to produce 
patterns on the right, allow interpretations to be made with greater confidence.  Chondrite-normalizing values from Anders and 
Grevesse (1989). 
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The REE patterns for the rocks of this study show a general pattern of elevated LREE 
concentrations with respect to chondrite abundances (100 x chondrite) and with respect to the 
HREEs (10x chondrite).  (Concentrations of REEs in rocks that have experienced no 
geochemical evolution from chondrite composition would generate a flat line pattern at Y=1.)  
Heavy rare earth element concentrations are elevated with respect to chondrite abundances (10 x 
chondrite), but not to the same extent as those of the LREEs.  All patterns display a small 
negative Eu anomaly.  While the groups of light, middle and heavy REEs may behave differently 
as a result of varying geochemical evolutionary processes and the involvement of specific 
mineral phases, neighboring elements are expected to behave similarly to one another, producing 
a smooth curve.  The dip in Eu concentration is, therefore, considered anomalous.  This negative 
anomaly may be due to plagioclase in the residue, an Eu anomaly in source rocks, or removal of 
plagioclase from the melt.  The pattern for average upper continental crust (Taylor and 
McLennan, 1981) is included in the plot as a reference.  The negative Eu anomaly of the rocks of 
this study is similar to that seen in upper continental crust rocks.  The behavior of europium in 
these rocks is discussed below. 
The REE patterns for all of the rocks are almost identical.  The pattern for MDS3 is sub-
parallel to the other patterns, with lower concentrations of all elements than the others but still 
following the same pattern.  REE abundances of a clast and its matrix from a single outcrop in 
the McDowell Springs area show little variation.  A slight variation in Eu concentration is the 
only difference between the two patterns.  Plots in figure 4.19 show the degree of fractionation of 
the REEs.  Plotting the ratio of the lightest REE (Ce) over the heaviest (Yb) against the lightest, 
one can see the degree of fractionation with respect to changing REE content.  Little 
fractionation occurs in this rock series. 
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Figure 4.19.  Degree of fractionation with changing REE content.  Plotting the ratio of the 
lightest REE to the heaviest, (Ce)/ (Yb), against the lightest (Ce), one can see the degree of 
fractionation with respect to changing REE content.  Degree of fractionation is plotted for the 
LREEs as a group, and for the HREEs as a group.  The flat slopes indicate that little fractionation 
has occurred. 
 
Whereas trace element concentrations very only slightly from sample to sample, some 
trends may be discerned.  In figure 4.20 the incompatible element Rb and the compatible element 
Sr are plotted against SiO2.  A slight positive trend in incompatible Rb may be discerned, as well 
as a slight negative trend in compatible Sr, with increasing SiO2.  In figure 4.21 Rb has been 
plotted against K2O, Ce, Sr, and Nd.  The behavior of the two incompatible elements K2O and 
Rb shows a positive correlation.  Rb and Ce, both similarly incompatible elements, also show a 
positive correlation.  When incompatible Rb is plotted against compatible Sr, little variation is 
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seen in concentrations of the incompatible Rb, whereas some variation can be seen in compatible 
Sr concentrations. 
The behavior of Rb and Sr may be evidence of fractional crystallization.  The dominant 
fractionation processes that drive compositional variation are partial melting and fractional 
crystallization (Wilson, 1989).  Through partial melting, the incompatible elements are quickly 
and dramatically lost to the early melts whereas the compatible element concentrations decrease 
slightly, and slowly.  Through fractional crystallization a steady loss of compatible elements is 
expected, with incompatible elements remaining in the melt until the final stages of 
crystallization. (Hanson, 1980).  The steady increase in compatible Sr concentrations in 
relationship with essentially unchanging concentrations of the incompatible Rb may be evidence 
of fractional crystallization.  Considering the error bars and the slight changes, an interpretation 
that the rocks have undergone no internal differentiation is also reasonable.  Though it is possible 
for the chemical trends of a cogenetic series of rocks to be explained by either fractional 
crystallization or partial melting, it is far more likely in most volcanic series that the responsible 
mechanism is fractional crystallization since the phenocrysts are generally considered to have 
been formed at high levels, and that under these low pressure near-surface conditions, the high 
temperatures required for partial melting would be difficult to achieve (Cox et al. (1979).  The 
lack of significant variation in incompatible element abundances, along with the near-surface 
conditions, suggests that partial melting was not the final fractionation process.  Any 
compositional evolution that occurred was likely the result of fractional crystallization.  Minerals 
crystallized, were removed from the magma chamber through eruption or intrusive injection, 
leaving the composition of the remaining magma altered.   
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Figure 4.20.  Rb and Sr concentrations plotted against SiO2.  A slight positive trend in 
incompatible Rb may be discerned, as well as a slight negative trend in compatible Sr, with 
increasing SiO2.  The error bars render the concentrations essentially the same. 
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Figure 4.21.  Rb plotted against K2O, Ce, Sr, and Nd.  The behavior of the two incompatible 
elements, Rb and K2O, shows a positive correlation.  Rb and Ce are both similarly incompatible 
elements, and may be expected to behave similarly.  When incompatible Rb is plotted against 
compatible Sr, little variation is seen in concentrations of the incompatible Rb, while some 
variation can be seen in compatible Sr concentrations.  This may be evidence of fractional 
crystallization.   
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The relative extent of fractional crystallization can be estimated using the behavior of an 
incompatible element in the system and the Rayleigh fractionation equation (Hanson, 1980, 
1981).  In this model the incompatible element Rb is used.  The results are shown in figure 4.22.  
The initial concentration (Co) of Rb in the system is considered 65.35 ppm (It is the lowest Rb 
concentration in the rocks sampled in the present study.), and 93.1 ppm (the highest Rb 
concentration) is the final concentration (CL).  The behavior of Rb is considered to be entirely 
incompatible (D = 0).  Using the Rayleigh fractionation equation, the fraction of melt (F) can be 
calculated.  The modeled calculations suggest that a ~30% crystallization of the magma melt 
(F=1?F=0.70) could produce the range of rubidium concentrations of these rocks (figure 4.22).  
(Thirty percent is likely a high estimate.)   
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              CL/CO = F (D-1)                   Rayleigh fractionation equation 
        F represents the fraction of melt. 
        D is the bulk distribution coefficient, which expresses the weighted sum of the partition coefficients   for the 
element in the various minerals composing the rock.   
       CL represents the concentration of the element in the liquid.   
       CO is the initial concentration of the element in the system.   
Modelling fractional crystalization
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Figure 4.22.  Modeling degree of fractional crystallization.  Using minimum and maximum 
Rb concentrations in the Rayleigh Fractionation equation, the fraction of melt (F) changes from 
100% (F=1) to 70% (F=.7), suggesting a maximum of 30% fractional crystallization could 
produce the series of rocks in this study.  See text for detailed discussion. 
 
 
Rare earth element analyses of Sm, Eu, and Gd in target plagioclase phenocrysts are 
displayed in Table 4.6.  These data have been used to calculate mineral-melt Kd’s for Eu in 
plagioclase in the two samples analyzed and to calculate the magnitude of the mineral Eu 
anomaly.  
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Table 4.6.  Rare earth element concentrations in plagioclase minerals and in whole rock 
samples, obtained through LA-ICP-MS. 
 
  
REE concentrations in plagioclase minerals compared to whole rock REE concentrations 
  
 McDowell Springs   Badger Pass  
    MDS 4           BP04col       
  
mineral 
MDS4 
(ppm) 
chondrite-
normalized 
mineral 
conc. 
(MDS4) 
chondrite-
normalized 
rock 
MDS3 
min/rock 
conc. 
(Kd) 
Plag Kd 
for 
melting 
seds*   
mineral 
BP04c 
(ppm) 
chondrite-
normalized 
mineral 
conc. 
(BP04c) 
chondrite-
normalized 
rock 
BP04c 
min/rock 
conc. 
(Kd) 
Plag Kd 
for 
melting 
basalts** 
Sm 0.63 3.28 3.09 0.20 0.13 Sm 0.48 2.48 4.70 0.10 0.11 
Eu 1.50 20.8 0.82 1.83 2.15 Eu 1.00 13.9 1.27 0.79 0.73 
Gd 0.43 1.65 2.71 0.16 0.097 Gd 0.57 1.30 4.49 0.13 0.066 
                  
    Eu* Eu/Eu*      Eu* Eu/Eu*   
   MDS 4 2.3 9.0     BP04col 1.8 7.7   
                        
Notes: 
Eu* is expected Eu concentration.  Eu/Eu* is the ratio of measured Eu to expected Eu. 
* Melting of sediments.  Plagioclase-melt Kd’s average of four from Nagasawa and Schnetzler (1971) as reported in 
Arth and Hanson (1975) 
** Melting of basalts.  Plagioclase-melt Kd’s from Schnetzler and Philpotts (1970) as reported in Hanson (1980) 
 
Mineral-melt distribution coefficients are calculated for Sm, Eu, and Gd using the 
mineral concentrations obtained through the in-situ LA-ICP-MS and the whole rock 
concentrations obtained through isotope dilution mass spectrometry.  The resultant calculated 
Kd’s are displayed in Table 4.6.  As discussed earlier, the Kd’s are calculated by taking the ratio 
of the element concentration in the mineral to the corresponding element concentration in the 
whole rock sample, using the whole rock values to represent the melt.  The mineral-melt Kd’s for 
Sm, Eu, and Gd cited by Hanson (1980) as common for plagioclase in melting basalts and in 
melting sediments (melting sediments may be considered a proxy for granites.) have been 
included in Table 4.6.  These Kd’s have been plotted along with the empirical Kd’s of these rocks, 
calculated for Sm, Eu, and Gd using the plagioclase grains analyzed in samples MDS 4 and 
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BP04c and the whole rock analyses of MDS3 and BP04c (Figure 4.23).  (Note that on the TAS 
diagram, MDS4 plots in the dacite field, and BP04c plots in the andesite field.) 
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Figure 4.23.  Empirical Mineral/ Melt distribution coefficients (Kd’s).  Plotted Kd’s 
calculated for the LA-ICP-MS analyzed plagioclase feldspars in this study are accompanied, for 
comparison purposes, by Hanson’s (1980) Kd’s for plagioclase in melting basalts (producing 
andesites) and melting sediments (yielding granites).   
 
The magnitude of the positive mineral europium anomaly seen in the plagioclase 
phenocrysts is calculated using the measured mineral REE concentrations from Table 4.6).  The 
anomaly is graphically displayed in Figure 4.24.  Sample BP04c shows a positive Eu anomaly of 
7.7, and sample MDS4, shows a positive Eu anomaly of 9.0.  These are very similar dramatic 
positive anomalies.  
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Figure 4.24.  Chondrite-normalized concentrations of Sm, Eu, and Gd in plagioclase 
feldspar minerals of the thrust plate intrusion and the foreland volcanics (measured by LA-
ICP-MS).  BP04c is a thrust fault intrusion sample, and MDS4 is a foreland volcanic field 
sample.  Both mineral samples display similar positive Eu anomalies. 
 
The magnitude of the europium anomaly is a ratio of the measured Eu concentration to 
the expected Eu concentration.  Similar partitioning of neighboring trivalent REE neighbors is 
expected, with slight and predictable behavioral changes as the atomic number increases and 
ionic radius decreases.  The expected europium (Eu*) is calculated by interpolating between 
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measured Sm and Gd concentrations (In this case, chondrite-normalized concentrations were 
used.).  For sample BP04c, measured Sm is 2.48 ppm and measured Gd is 1.30 ppm.  Calculating 
the geometric mean (by taking the square root of the product of Sm and Gd concentrations) 
yields an interpolated value of 1.80 ppm.  This concentration is what can be expected for a 
europium concentration.  The measured chondrite-normalized Eu concentration for the 
plagioclase phenocryst in BP04c is 13.86.  The relationship between measured europium (Eu) 
and expected europium (Eu*) is easily calculated by dividing the measured concentration by the 
expected concentration (Eu/Eu*).  For sample BP04c it is 7.72.  The result is a positive anomaly 
Eu in the plagioclase minerals.  For MDS 4, the Eu/Eu* is 8.96, a similarly positive anomaly.   
 
 
Discussion 
Trace element data support a single source, slightly internally evolved series of rocks.  
The close clustering of the Pb isotope ratios provides permissive evidence for a similar source 
for all samples, with the possible exception of MDS26. 
The almost identical REE patterns for the samples provide further evidence for a same 
source for all rocks.  The REE patterns of the clast and matrix sample from a single outcrop 
highlight the homogeneity of the rocks of the volcanic field.  The sub-parallel, slightly 
downshifted, pattern of sample MDS3 can be explained as dilution by low REE content minerals 
such as quartz.  Sample MDS3 contains quartz phenocrysts, visible in hand sample and thin 
section.  Differences that exist between most of the sample patterns are so slight as to be 
insignificant.  This suggests little evolution of the magma.  Group 2 samples MDS 22 and MDS 
26 may be anomalies, and require more study. 
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The fractional crystallization modeling of rubidium, using the Rayleigh equation, 
provides a first-order look at the possible relative extent of petrogenetic evolution occurring in 
the reservoir that produced these rocks, and suggests that the rocks may be related by small 
extents of fractional crystallization.  The modeling suggests that a small degree of fractional 
crystallization may be responsible for the internal variation.  The absence of extensive 
fractionation may reflect a short-lived reservoir and a single stage eruption and emplacement.  
Possibly the magma ascended to a high level of emplacement, and extruded over a fairly short 
period of time.  Slight compositional variation also suggests a single isolated magma source—
one that did not undergo continual re-supply (Cox et al, 1979).  Neither episodic eruption from, 
nor episodic injection to, the magma chamber occurred.  And the chamber that was sampled by 
these magmas lacked compositional zonation.  The slight compositional variation may be 
attributed to the highly porphyritic nature of the rocks or possible sampling heterogeneity.   
The negative Eu anomaly in the whole rock concentration may indicate partitioning of 
Eu2+ into plagioclase, and the subsequent removal of those feldspar crystals, carrying the 
europium with them, through fractional crystallization.  The slight variation in Eu concentration 
between the clast and its corresponding matrix is probably not the result of evolutionary 
fractionation but may simply be explained by slight magmatic heterogeneity.  A plagioclase 
cumulate could account for this variation.  Considering the abundance of plagioclase phenocrysts, 
and their preferential partitioning of europium, which will be discussed further, this slight 
difference has very little significance.   
The discrepancy between the slight negative Eu anomaly of the whole rock REE patterns 
and the distinct positive anomalies of the plagioclase phenocrysts suggests a couple of important 
conditions in the formation of these rocks.  First, analyses once again show the rocks of the 
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thrust plate intrusion and the foreland volcanics to be very similar.  The plagioclase phenocrysts 
in the thrust plate intrusion sample (BP04c) and in the foreland volcanics sample (MDS 4) show 
similar positive Eu anomalies, and absolute concentrations, evidence of similar partitioning of Eu.  
The similar behavior may be the result of a same source and conditions of formation.  Second, 
evidence suggests that Eu was dominantly present in the divalent oxidation state.  The positive 
Eu anomalies in the plagioclase mineral analyses are evidence that, in these rocks, Eu 
preferentially partitions into the plagioclase over the melt, whereas Sm3+ and Gd3+ do not.  This 
suggests that the Eu existed abundantly in its 2+ oxidation state, rather than the 3+ valence 
common for the rare earth elements.  If the Eu were present dominantly in its trivalent form, we 
would expect to see similar partitioning behavior from all three trivalent neighbors, Sm, Eu, and 
Gd, knowing that the REEs behave similarly, varying slightly, and predictably, in compatibility 
as the atomic weight increases and the ionic radius decreases.  Instead of similar behavior, a 
dramatic relative abundance of europium is seen in the plagioclase minerals of both samples.  
This strongly suggests that the europium is present in the divalent, as well as trivalent, oxidation 
state.  In its divalent form europium behaves similarly to strontium (Hanson, 1980).  Though Ivy 
(1989) asserted that the europium in the area volcanics behaved as a trivalent cation, the present 
analyses suggest that Eu instead behaved predominantly as a divalent cation.  And, because the 
valence state of europium is an indication of the oxygen activity, and because Eu commonly 
occurs in the +2 valence state under low oxygen activity conditions and in the +3 valence state 
under higher oxygen activity conditions, it may also be inferred that these rocks were formed 
under low oxygen activity conditions. 
It is reasonable to conclude that plagioclase was likely not strongly fractionated from the 
magma during evolution.  Had plagioclase been fractionated from the melt, we would have seen 
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a negative Eu anomaly in the rocks, as well as in these feldspar grains, Eu having been removed 
with the plagioclase.  Instead, the slight negative Eu anomaly in the whole rock, accompanied by 
a distinctive positive Eu anomaly in the feldspar grains may be interpreted as suggesting that the 
magma may have been emplaced and subsequently ejected within a short period of time rather 
than undergoing fractionation and re-injection. 
Element Kd’s are dependent on the temperature, pressure and composition (Hanson, 
1980), and are thus useful petrogenetic indicators.  In this study, the similarity of the mineral-
melt Kd’s for europium provides additional evidence for same source origin of the rocks.  The 
similarity between the published Kd’s and the mineral-melt Kd’s calculated for the rocks of this 
study is striking.  Because the mineral/melt Kd for Eu in plagioclase is very high, and because 
divalent Eu substitutes easily for Ca, it may be expected that the plagioclase would be rich in Eu.  
And, it follows that the plagioclase phenocryst-rich volcanic rocks may exhibit varying Eu 
anomalies, reflecting the varying enrichment or depletion of plagioclase.  We do not see 
variation in the Eu anomalies in the whole rock analyses; the patterns are quite similar.   
Nothing in the behavior of any of the trace elements contradicts the conclusions proposed.  
Distribution of the elements is as would be expected for intermediate composition volcanic rocks, 
and they do not vary significantly among samples. Wilson, 1989)    As already stated, the trace 
element abundances allow for a same source experiencing similar petrogenetic evolution.  
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CHAPTER 5 
DISCUSSION/CONCLUSIONS 
 
Major element analyses showed only slight variations in all but two samples.  Trace 
element analyses showed only slight variation in all but two samples, and rare earth element 
analyses revealed almost identical patterns in all but two samples.   
Perhaps the most visually compelling and convincing comparative evidence has come 
from the plotting of the chondrite-normalized REE abundance patterns.  With the exception of 
the two medium-grained McDowell Springs samples (MDS 22 and MDS 26), the patterns for the 
Badger Pass intrusion, the McDowell Springs intrusion, the McDowell Springs volcaniclastic 
debris flows, and the McDowell Springs dikes, are so strikingly similar as to be almost identical.  
The REE concentrations in sample MDS 3 fall below those of the other samples, but still 
produce a sub parallel pattern; and petrographic analysis provides the mineralogical evidence for 
the minor variations.  The REE analytical results are all the more convincing because of their 
high level accuracy.   
Geochemical analyses conducted to “fingerprint”, and evaluate the genetic relationship 
between, the thrust plate intrusive rocks and the foreland volcanic rocks, have resulted in an 
extremely credible match between the two groups.  Whole rock major element concentration 
comparisons, trace element concentration comparisons, rare earth element abundance patterns, 
mineral rare earth element concentration comparisons, and relative lead isotope abundance 
comparisons all allow for these rocks to be lithologically and temporally  the same rocks.  There 
was little variation from rock to rock, with the exception of two samples, MDS22 and MDS27, 
which represent the rocks that were categorized as the medium-grained igneous rocks.  These 
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samples were taken from two different hills along the north-south trending ridge.  This ridge may 
be an unrelated anomaly, or there may have been sampling errors (?), but this is an issue to be 
left for future investigation.  All other samples from the McDowell Springs volcanic field were 
very similar, to each other, and to the thrust plate intrusive rocks.  These data provide tangible 
analytical evidence to support any assumptions of association between the foreland Cretaceous 
volcanics and the thrust plate Cretaceous intrusion.  Previously referred to as simply Kvu and Ki, 
these rocks can now be confidently identified as the same Cretaceous intrusive and volcanic 
rocks. 
The data also provide confirmation of a fundamental piece of groundwork necessary to 
establish the actual sequence of magmatic and tectonic events for this single locale within the 
larger Cordilleran fold and thrust belt.  If the foreland volcanic rocks are the same as the Badger 
Pass intrusive rocks, and the intrusion is younger than the thrusting, then the foreland volcanism 
is also younger than the thrusting.  The exposure of tuff, overlain, and baked, by the intrusion, 
near Badger Mountain distinguishes the intrusion as younger than the tuff.  The limestone-tuff 
contact is a fault contact, and contributes the evidence requiring that the thrust fault must be 
younger than the volcanic tuff.  The “window” through the thrust plate, exposing tuff beneath it, 
as well as the Madison limestone, exposed near the Blue Dot Mine, thrust over the tuff, 
displaying basal fault brecciation, proffers additional evidence for thrusting younger than the tuff.  
The outcrop in the McDowell Springs area, exposing volcaniclastic rocks overlying tuff, 
suggests foreland igneous rocks must be younger than the tuff.   
The observed structural relationships, coupled with the geochemical relationships, and 
their implied temporal associations, suggest the following sequence of events for this area:  tuff 
was deposited, followed by the folding and thrust faulting of Paleozoic and Mesozoic 
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sedimentary rocks along the Ermont fault.  The sedimentary sequence was subsequently intruded, 
along fault planes, and through weak shale layers, by andesitic igneous rocks, at essentially the 
same time that these same igneous rocks were intruding and extruding atop the foreland to the 
east.  And, if the rocks are from the same source, as trace element evidence seems to suggest, 
then the thrust plate was essentially in place when intrusion, and accompanying, extrusion 
occurred.   
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APPENDICES 
 
Appendix A:  Additional Major Element Analyses 
    McDowell Springs  
               
 
Wt% 
  
MDS4 MDS5 MDS6 MDS17  MDS27 MDS0441B   MDSD MDS0441C MDS34ch MDS102 
SiO2 
  
63.37 64.01 63.71 64.41  60.93 60.93   63.03  60.73 61.47 
TiO2 
  
0.54 0.55 0.56 0.55  0.53 0.6   0.58  0.66 0.57 
Al2O3 
  
16.01 15.88 15.89 16.02  16.78 17.03   16.51  16.59 15.89 
Fe2O3 
  
4.97 5.09 3.87 5.03  3.95 5.72   5.24  6.33 3.87 
MnO 
  
0.07 0.06 0.03 0.08  0.06 0.09   0.08  0.06 0.09 
MgO 
  
1.51 1.5 0.86 1.47  0.64 1.59   1.66  2.04 1.83 
CaO 
  
4.03 3.95 3.61 3.88  6.01 4.33   3.5  4.51 4.25 
Na2O 
  
3.08 3.23 2.96 3.32  3.54 3.75   3.32  3.3 3.55 
K2O 
  
2.92 2.95 3.07 2.98  2.69 2.46   2.99  2.63 2.45 
P2O5 
  
0.15 0.16 0.16 0.16  0.15 0.18   0.16  0.15 0.17 
SrO               
LOI       4.13 2.44   2.46  2.52  
Total 
  
96.65 97.38 94.72 97.90  99.61 99.31   99.72  99.72 96.28 
               
               
               
 
 
Appendix B:  Standard Addition Trace Element Analytical Methods 
 
Preparation 
Twenty samples were selected, and prepared, for trace element analysis.  Blanks and 
duplicates were also prepared.  Approximately 200 milligrams of each powder sample were 
weighed, using a Denver Instrument M-Series Analytical balance (M220D; SN: P119665).  
Samples were then placed in Teflon containers to which 5 milliliters of TraceMetal Grade 
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(Fisher Scientific) hydrofluoric acid (HF) and 2 ml nitric acid (HNO3) were added with a pipette.  
Containers were tightly capped and placed on a hot plate, under the hood, at approximately 150 
degrees C.  The HF, assisted by heat, theoretically breaks most silica bonds, and fluorine then 
complexes with silicon to form SiF4, which is volatilized and removed during evaporation.  
While SiF4 is removed through volatilization, other insoluble fluorides can be formed during the 
digestion process.  The HNO3, with a higher boiling point than HF, remains in liquid form 
following the boiling of HF, and facilitates the conversion of the remaining insoluble fluorides to 
more soluble nitrates (Gill, 1997).  Samples remained on the hot plate approximately 2 days, 
after which they were cooled, opened, and examined to observe the extent of digestion.  
Digestion of several samples was incomplete. Several containers appeared to have failed, leaking 
a portion of their contents, and several containers were suspected of possible leaking. All such 
samples were discarded, and replicates were made. The failing containers were not reused.   
Digested samples were uncapped and replaced on hot plate to evaporate the acids. The 
undigested samples underwent a second digestion, a repeat of the first procedure (the addition of 
5 ml Trace Metal Grade HF and 2 ml Trace Metal Grade HNO3, followed by 2 days on a hot 
plate). To the successfully digested and subsequently dried samples, several drops of Optima 
Nitric Acid were added (just enough to put the dry sample into solution). This was followed by 
the addition of enough 2% Optima Nitric Acid to yield approximately 50 ml of solution, which 
was stored in vials until further dilution and final preparation for standard addition trace element 
analysis.   
Digesting samples proved troublesome, and multiple attempts were required before an 
adequate number of samples were successfully digested.  Procedural attempts included the use of 
a mixture of Perchloric Acid and Hydrofluoric Acid (2.5 ml Hydrofluoric TraceMetal Grade 
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Acid and 2.5 ml Perchloric Acid added to the non-dissolved samples—after samples were dried).  
Attempts to determine an effective digestion solution continued, with some stubbornly 
undigested samples finally abandoned.   Perhaps the need for multiple applications arose from 
the abundance of silica, and the consequent creation of more complexed fluorides, which could 
require a greater volume of HNO3 to facilitate the conversion of the fluorides to soluble nitrates 
With this in mind, digesting solution was adjusted to increase the volume of HNO35 to a recipe 
of ml HF and 5 ml HNO3.  It was also suspected that allowing the digested samples to evaporate 
entirely contributed to ultimate failure to dissolve.  Samples that dried to “flakey” (or as far as 
having “toasted” rims) resisted dissolution, even following multiple digestions.  Coincidental or 
not, digested solutions that were evaporated to a gelatinous consistency (like snot with skin!) 
achieved successful dissolution more readily, even if requiring multiple digestions, than fully 
evaporated samples.   
It also appeared helpful to put containers back on the hot plate to for several hours 
following the addition of the 2% HNO3; dissolution was enhanced.  Once solution was achieved, 
50 ml vials were filled.  The entire preparation process became frustratingly prolonged, 
extending over a period of more than six months, during which sample solutions were abandoned 
to the lab bench.  When finally retrieved for analysis, there was some concern that the extended 
sitting may have compromised the veracity of the compositional representation of these solutions.  
There is no way to know for certain if, for instance, there was interaction with the container, or 
significant evaporation, however, two samples (MDSm and MDSc) were added to the collection 
in the late stages of processing, and it was decided to reprocess an already analyzed sample 
(MDS3) in order to make a comparison. The isotopic concentrations generated by the “freshly” 
prepared MDS3 sample (May 4, 2007 analysis) closely compares to the previously obtained 
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values from the March 2, 2007 and March 8, 2007 analyses.  (There are some discrepancies in 
the nickel values, which will be discussed later.) Though the favorable comparison of one pair of 
samples is not conclusive, it does provide some evidence that perhaps long sitting time does not 
compromise the samples usefulness.  
 
Analysis 
Analysis was performed through standard addition, with indium as an internal standard.  
Aliquots of sample were spiked with 10 ppb, 20 ppb, and 30 ppb of standard isotopes, and all 
samples were additionally spiked with a known quantity of indium.  Along with an unspiked 
sample, analyses were made with the ICP-MS at low resolution.  Isotope concentrations were 
normalized to indium concentrations, and from the four concentration values (no spike 
concentration, 10 ppb, 20 ppb, and 30 ppb concentration) a graph was constructed.  The absolute 
value of the extrapolated x-intercept of a best-fit line yields the actual isotopic concentration.  
Because of the wide range of analyte abundances, it was necessary to prepare two different 
dilutions of each sample for analysis. Samples were diluted by a factor of 10 and by a factor of 
100.   
 
 
Appendix C:  Isotope Dilution REE Analytical Methods  
 
 Isotope Dilution Mass Spectrometry (ID-MS) is used to obtain accurate measures of very 
low concentration elements, such as the rare earth elements, taking advantage of the multiple 
isotopes of these elements.  To a known quantity of sample, a measured mass quantity of spike is 
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added.  This spike contains two isotopes of each element of interest in unnatural and 
disproportionate amounts; generally the less commonly occurring isotope has been spiked,  
 
 
Flux Fusion Dissolution Technique for Sample Preparation 
It is first necessary to break apart the silicate structure in order to isolate the rare earth 
elements for analysis.  Flux fusion dissolution of samples is a highly effective technique because 
of the ability of lithium metaborate to break down essentially all silicate minerals while 
contributing only lithium (Li) and boron (B) to the solution, along with the relative simplicity of 
the procedure renders flux fusion a reliable and desirable technique (Ingamells, 1970; Walsh et 
al., 1997).  Approximately 100 mg of sample were combined with approximately 400 mg lithium 
metaborate flux (Walsh et al, 1997, suggest 3 parts flux to one part sample by mass.) in a pre-
ignited graphite crucible, and placed in an 1100 degree Celsius electric muffle furnace for 15 
minutes. Meanwhile, a Teflon beaker containing a magnetic stir-bar, 50 ml of 1 molar HNO3 and 
approximately 200 mg of REE spike were placed on a stir plate.  (In some runs iron was added to 
the solution.)  When the crucible was removed from the furnace, the contents were swirled to 
collect all material, and poured into the beaker.  Stirring continued briefly; the beaker was 
removed from the stir plate, and the procedure was repeated with all crucibles in the furnace (4-5 
crucibles per load).  Beakers were then replaced on the stir plate, one at a time, and stirred for 
about five more minutes.  Ammonium hydroxide was then added, while stirring continued, until 
a pH of ~ 7.0- 7.5 was achieved.  The solution changed color and thickened as the iron (Fe) 
precipitated out of solution, carrying the sorbed trace elements with it.  The solution was then 
poured into a 50 ml centrifuge tube and placed in a centrifuge for 3 minutes, after which the 
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supernatant fluid was discarded.  Milli-Q water was added as a rinse, and the sample was placed 
in the centrifuge tube for another 3 minutes followed by disposal of supernatant fluid.  This rinse 
was repeated, and then enough 2 molar HCl was added to double the volume of the “precipitate”. 
Brief, vigorous shaking put the contents of successfully dissolved samples into solution. 
 
Isotope Dilution/Ion Exchange Chromatography 
Following flux fusion dissolution, samples underwent ion exchange chromatography in 
order to pre-separate the elements to facilitate more accurate analysis of the individual elements 
by eliminating peak overlap, and by concentrating samples.  Through the use of varying volumes 
and molarities of acids and a resin-loaded exchange column, which provided the cation sites, 
samples are washed of unwanted ions, and then separated through elution by element, or element 
groups.  Affinity for resin or acid varies by element and changes with changes in both molarity 
and volume of acids used.  The variable distribution coefficients are used to selectively separate 
the REEs and thus significantly reduce or eliminate interferences or signal overlap in the mass 
spectrometer analysis (Walsh et al., 1997).  The result is a highly accurate analysis.  Each sample 
was processed through two sets of columns: primary clean-up columns, followed by alpha-HIBA 
columns, on which final element separations were performed.  Seven separate elutions were 
taken.  The samples then underwent alpha-HIBA clean-up, and finally, dilution in preparation for 
analysis. 
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Appendix D:  Error Bar Calculations for Pb isotopes 
 
 
 
Table 7.1.  Variation in National Institute of Standards and Technology (NIST) Standard 
Reference Material 612 during Pb isotope Analysis. 
   
   
NIST 612 Ratio_AVG Ratio_AVG 
 207Pb/206Pb 208Pb/206Pb 
   
Thursday, April 20, 2006 Laser Run NIST error 
 0.9133 2.1882 
 0.9136 2.1746 
 0.9142 2.1826 
 0.9118 2.1860 
 0.9112 2.1847 
 0.9142 2.1863 
Average 0.9131 2.1837 
STDEV 0.0006 0.0013 
relative std deviation 0.07% 0.06% 
2 std deviations 0.001 0.001 
   
Friday April 21, 2006 Laser Run NIST error 
 0.9109 2.1781 
 0.9122 2.1887 
 0.9120 2.1865 
 0.9132 2.1854 
 0.9122 2.1869 
 0.9122 2.1881 
Average 0.9121 2.1856 
Stdev 0.0007 0.0039 
   
relative std deviation 0.08% 0.18% 
2 std deviations 0.002 0.004 
   
 
